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The prevalence and mode of persistence of Salmonella on commercial poultry processing
equipment was examined in this study. The equipment surfaces of six commercial processing
plants were sampled over three-time periods designated as A (after processing), B (after
cleaning), and C (after sanitization) and each plant was visited three times. Salmonella
prevalence was greater (p<0.0001) at time A than times B and C, while there were no differences
(p=0.386) between times B and C. A total of twenty-five Salmonella isolates from five distinct
serovars were recovered from the processing plants. Further examination of the recovered
isolates showed that tolerance to sanitizing agents (chlorine and quaternary ammonium
compounds, QAC) and/or biofilm formation was the possible mode of persistence. In addition,
all the isolates were resistant to multiple antibiotics in different classes of drugs and more than
two genes that are responsible for ⅰ). biofilm formation, ⅱ). resistance to QAC, ⅲ). oxidative
stress response, and ⅳ). resistance to antibiotics were detected. Three selected isolates were
further characterized based on virulence factors and antimicrobial resistance using whole
genome sequencing (WGS) to possibly predict phenotypic characteristics. The WGS data
correlates with phenotypic characteristics that were previously observed in the isolates including

the ability to produce biofilms and resistance to antibiotics including β-lactams,
aminoglycosides, and cephalosporins. WGS predicted the isolates carried resistance genes for
antibiotic drug classes that were not observed phenotypically. These include macrolides and
fluoroquinolone, which is a concern due to its use in treating foodborne infection. Furthermore,
the genome of the three selected isolates were predicted to have over sixty virulence genes that
allow Salmonella to invade, attach, and colonize the host cells. The results from this study
suggest that the antimicrobials used for sanitization may be insufficient to inactivate Salmonella
because of the ability to produce biofilms on processing surfaces. Most importantly, the results
suggest the ability of the isolates to cause infection in humans meaning if contamination were to
occur, the right antibiotic treatment could be a challenge. Further research is imperative to
determine the effective antimicrobial for Salmonella biofilms.
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CHAPTER I
INTRODUCTION
In the United States, the production and processing of poultry meat has continued to
increase over the last fifty years (Morris and Wells, 1970; Davis et al., 2013; Barbut, 2015). This
has resulted in an increase in the consumption of poultry meat. According to a projection by the
Food and Agriculture Organization (FAO), poultry meat production will be greater than other
meat types by the year 2020 (FAO, 2013). This increase in production puts substantial pressure
on poultry producers and processors, due to the challenge of eliminating foodborne pathogens
(Morris and Wells, 1970; Mead, 2004). The presence of foodborne pathogens in poultry products
results in considerable loss to both the industry and the country, since the United States is the
largest producer and the second largest exporter of poultry meat in the world (USDA, 2014)
Foodborne pathogens have been estimated to cause approximately 9.4 million illnesses,
55,961 hospitalizations and 1351 deaths each year in the United States (CDC, 2016a; Scallan et
al., 2011). There are different microorganisms that causes foodborne illnesses, and among them
is Salmonella, which is a concern in poultry meat production (CDC, 2011a). According to a
Centers for Disease Control and Prevention (CDC) report in 2011, Salmonella is among the top
five pathogens that causes foodborne illnesses in the U.S. (CDC, 2011a). It can be differentiated
based on two types of disease-causing strains, typhoidal and non-typhoidal, which causes
typhoid fever and gastroenteritis, respectively (Brenner et al., 2000; CDC, 2016; Hohmann,
2001; Sanchez-Vargas et al., 2011). Non-typhoidal Salmonella was reported to be the leading
1

cause of foodborne illnesses in the United States, causing 11% of illnesses followed by
Clostridium perfringens (10%) and Campylobacter (9%) (Scallan et al., 2011). Furthermore,
Salmonella causes foodborne salmonellosis, which is consistently a leading cause of foodborne
hospitalizations and deaths in the U.S. (CDC, 2011b).
Poultry and poultry products are the top food commodity associated with foodborne
outbreaks in the United States (CDC, 2011b). Poultry accounted for 19% of all outbreaks
reported between 1998 and 2008 (CDC, 2013a). This highlights the importance of monitoring
and controlling Salmonella during poultry production and meat processing. Salmonella is a
pathogen harbored in the gut of many farm animals, including poultry (Mead, 2004; Morris and
Wells, 1970; Cosby et al., 2015; Crump et al., 2015). As a result, the presence of Salmonella in
the gut of broilers can cause carcass contamination during poultry meat processing (Mead,
2004). In 2017, the CDC along with different states, investigated ten separate multistate
outbreaks of human Salmonella infections among people who have had contact with live poultry
in backyard flocks (CDC, 2015b). This outbreak was caused by multiple serotypes of
Salmonella, including Enteritidis, Typhimurium, Hadar, and Indiana, amongst others. Two
hundred and forty-nine people were hospitalized, and one death was reported (CDC, 2015b).
This means that the poultry industry may need to work on control measures both at the farm and
plant level.
The control and subsequent reduction of Salmonella during poultry processing has been a
major focus for both the United States Department of Agriculture-Food Safety Inspection
Services (USDA-FSIS) and poultry integrators. For this reason, poultry processing plants utilize
a working Pathogen Reduction Hazard Analysis and Critical Control Point (PR-HACCP) plan,
which is aimed at controlling Salmonella contamination along with other foodborne pathogens
2

before they reach the consumers; while also helping to identify and control potential hazards
(Olinger et al., 2004; Muth et al., 2007). The processing plants also utilize a good cleaning and
sanitization program as a part of their Good Manufacturing Practices (GMPs) to control
pathogens (Wirtanen and Salo, 2003). Adequate cleaning and sanitization of processing
equipment, including all food-contact surfaces is critical to ensure food safety and quality.
Pathogenic microorganisms can build up on processing equipment and surfaces as biofilms;
resulting in the contamination of products that could eventually cause foodborne illness
(Chmielewski and Frank, 2003; Sokuntotanak et al., 2013). The effectiveness of a good cleaning
program is dependent on the type of detergent and sanitizer applied. There are different
antimicrobials approved by the USDA for controlling foodborne pathogens during poultry meat
processing (USDA-FSIS, 2015). Some of the approved antimicrobials that are often used in the
processing industry includes chlorine compounds such as sodium hypochlorite, peroxides
compounds such as peroxyacetic acid, and quaternary ammonium compounds (USDA-FSIS,
2015).
Proper storage and application of these chemical agents is paramount when used either
directly on chicken carcasses during processing or for sanitization (Capita et al., 2014). Improper
application can reduce the efficacy of antimicrobials, which causes microbial exposure to nonlethal dosages, which may induce tolerance or adaptation in the pathogen to such chemical
agents (Lear et al., 2002; Braoudaki and Hinton 2004). Furthermore, antimicrobial adaptation
could allow pathogenic microorganisms to persist in the processing environment, especially on
the processing equipment, thus causing cross-contamination between poultry meat products
(Lestari et al., 2009; Capita et al., 2014). Persistent microorganisms could be difficult to
inactivate using the USDA recommended antimicrobial concentrations.
3

Biofilm has been identified as a significant threat to food safety. This is because
foodborne pathogens such as Salmonella can attach to food processing equipment and surfaces
as biofilms and serve as a potential source of cross-contamination of poultry carcasses (Yang et
al., 2016). Biofilms are produced when bacteria attach to a substrate on an abiotic surface. The
substrate can be residues from meat processing, which makes the nutrient-rich poultry processing
environment an easy target for biofilm formation (Chmielewski and Frank, 2003). There are
multiple studies on the effectiveness of various antimicrobials on biofilms because bacteria
embedded in a biofilm are more difficult to kill when compared to free bacteria cells (Joseph et
al., 2001; Vestby et al., 2009). It is possible that the concentration at which antimicrobials are
applied are not enough to inactivate bacterial biofilms, which makes them a significant concern
for the poultry industry (Hood and Zottola, 1995).
Over the years, the incidence of antibiotic resistance has become a global threat to public
health (Braoudaki and Hinton, 2004). Different authors have observed that bacteria that are able
to survive antimicrobial inactivation and produce strong biofilms can withstand antibiotic
treatment (Davidson and Harrison, 2002; Obe et al., 2018). This means that bacteria that survive
the cleaning and sanitization procedures of a processing plant can remain persistent in the
environment through the formation of biofilms on surfaces. Salmonella has been reported to
tolerate varying concentrations of quaternary ammonium compounds – a sanitizer used for
sanitation and survive by hiding in a biofilm matrix (Humphrey, 2004). It may be difficult to
control such a persistent strain, and antibiotic treatment could be a challenge in the case of
infection. Therefore, the objectives of this study were to determine the: (1) prevalence and
persistence of Salmonella on processing equipment after completion of the cleaning and
sanitization procedure, (2) mode of persistence and antibiotic resistance of Salmonella isolates
4

from processing equipment after sanitization, and (3) use whole genome sequencing to
characterize selected Salmonella isolates based on antimicrobial resistance and virulence factors.
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CHAPTER II
LITERATURE REVIEW
Poultry processing in the United States
Agricultural production encompasses the cultivation of plants and breeding of animals
with the purpose of food production. In the United States, agricultural commodities are produced
virtually in all fifty states of the nation, and the income from these commodities contributes
significantly to the nation’s economy (USDA-ERS, 2017a). According to the U.S. Bureau of
Economic Analysis (BEA), agriculture, food, and other agricultural related industries contributed
approximately $992 billion to the U.S. GDP (Gross Domestic Product) in 2015 (USDA-ERS,
2017a). However, this does not include other agricultural sectors such as fishing, forestry, and
food service.
Among all agricultural sectors, broiler farming is more practiced in the southern states in
the U.S., and poultry production has experienced a significant growth over the years. Decades
ago, chickens were primarily processed by removing their feathers and blood and were sold as
“New York” dressed chicken (NCC, 2017a). The system changed with the introduction of
vertical integration in which a poultry company encompass the majority of the stages involved in
poultry production and processing, including breeding, feed milling, provision of medicine,
transportation to the processing plant, processing at the plant, and final shipping or export of the
poultry meat (NCC, 2017b). Currently, the United States is the largest producer and the second

9

largest exporter of poultry meat in the world, which shows the extent to which the poultry
industry has grown (USDA-ERS, 2017b).
One of the most significant developments in the U.S. poultry processing industry has
been a USDA guideline that passed in 1998. This guideline requires all plants to have a process
control for processing chicken for human consumption. The guideline, known as Hazard
Analysis Critical Control Points (HACCP) was established to help with the control of food safety
hazards by identifying the different steps in processing where food safety hazards (either
biological, chemical or physical) may occur and implement measures by which such hazards
could be prevented or eliminated completely (US-FDA, 2014).
Food safety issues in poultry processing
The safety of poultry products is very important. The poultry industry is set up to ensure
that poultry meat and other poultry related products are produced under hygienic conditions in a
government approved sanitary facility. Many issues have occurred over the years regarding the
safety of poultry products. Poultry and poultry related products are among the top foods that
cause foodborne illnesses in the U.S. (CDC, 2016a). Foodborne illness is an infection caused by
consuming food products that have been contaminated with foodborne pathogens. The top
foodborne pathogens that commonly contaminate poultry meat are non-typhoidal Salmonella and
Campylobacter (CDC, 2011a). Other foodborne pathogens include Clostridium perfringens,
which is commonly found in food prepared in large amounts or stored under warm temperatures
for a prolonged time (CDC, 2017); Listeria monocytogenes, which is common in ready-to- eat
food products (CDC, 2016b); and E. coli 0157:H7, which is commonly seen in beef products
(Armstrong et al., 1996). The CDC estimated that non-typhoidal Salmonella and Campylobacter
collectively cause 20% of foodborne illnesses, 50% of hospitalizations, and 34% of deaths in the
10

U.S. that are due to foodborne illness (Scallan at al., 2011). The USDA-FSIS has occasionally
recalled poultry products due to foodborne pathogens, and this has resulted in substantial losses
to not only the poultry companies but also to the nation’s economy.
The most recent outbreak of Salmonella in poultry meat occurred in 2018, when the
agency reported a multistate outbreak of Salmonella Infantis that was linked to raw chicken
meat. The outbreak resulted in 129 cases of infection and 25 hospitalizations (CDC, 2019a).
Similarly, between 1997 and 2008, 262 outbreaks were reported for Campylobacter. These
outbreaks resulted in over 9000 illnesses, 159 hospitalizations, and 3 deaths (Taylor et al., 2013).
Additionally, in 2012, the CDC reported an outbreak of Campylobacter jejuni that was linked to
improperly cooked chicken liver (CDC, 2013b).
Because of the burden caused by foodborne pathogens and outbreaks in the U.S., the
USDA-FSIS implemented pathogen interventions and strategies geared towards reducing
illnesses, hospitalizations, and deaths caused by the pathogens (USDA-FSIS, 2016a). Currently,
the USDA in conjunction with the poultry industry are implementing many pathogen-reduction
approaches during the production (pre-harvest) and processing (post-harvest) of poultry meat.
One such approach is the zero-tolerance policy for any visible fecal material on chicken
carcasses entering the chiller during the processing of poultry meat (directive 6420.2; USDAFSIS, 2017a). Another is the Salmonella Initiative Program (SIP; directive 5020.1), which is
aimed at improving the control of Salmonella during poultry processing (USDA-FSIS, 2016a).
Foodborne pathogens
In order to ensure the safety and quality of food products, it is important to test the food
for the presence of both pathogenic and spoilage microorganisms (Boer and Beumer, 1999). A
pathogenic microorganism is an organism that possess the capacity to cause illness when
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ingested (GFSR, 2017). Furthermore, pathogenic microorganisms could be transmitted through
different routes such as food and water (CDC, 2015b). A foodborne pathogen may be a
bacterium, or a virus, and the CDC estimated that each year in the U.S., one out of six people get
sick due to ingestion of a foodborne pathogen (CDC, 2015a; Scallan et al., 2011). Poultry meat is
among the top foods linked to foodborne illnesses in the U.S. (Scallan et al., 2011). Therefore,
the USDA-FSIS has a strict regulation concerning controlling and preventing foodborne
pathogens during the processing of poultry meat, which includes the recalls of contaminated
products. In poultry processing, Salmonella is the most prevalent foodborne pathogen and should
be controlled and prevented from contaminating poultry products.
Salmonella classification
Salmonella is a gram-negative bacterium. It is a rod-shaped, motile, non-spore forming
facultative anaerobe, and a member of the enterobacteriaceae bacteria family (Mani-López et al.,
2012). Within the genus of Salmonella, there are 2 species, which include Salmonella bongori
and Salmonella enterica (WHO, 2016). In 2005, a third specie was added to the genus
Salmonella, which is Salmonella subterranean (Shelobolina et al., 2004; Su et al., 2007; Chen et
al., 2013). S. bongori is commonly associated with cold-blooded animals such as reptiles and
rarely causes infection in humans (Fookes et al., 2011). S. enterica is common in warm-blooded
animals and causes infection in humans (Porwollik et al., 2004). According to the nomenclature
system used by the CDC adopted from the World Health Organization (WHO) collaborating
center, S. enterica contains 6 subspecies (Table 2.1) based on their genetic and biochemical
makeup (Crosa et al., 1973; Popoff and Minor, 1997; Su et al., 2007).
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Table 2.1

Salmonella classification
Genus

Species

Subspecies

Ⅰ

Salmonella

enterica

enterica

Ⅱ

Salmonella

enterica

salmae

Ⅲa

Salmonella

enterica

arizonae

Ⅲb

Salmonella

enterica

diarizonae

Ⅳ

Salmonella

enterica

houtenae

Ⅴ

Salmonella

enterica

indica

(Brenner et al., 2000; Su et al., 2007)
In addition, Salmonella can be classified based on their serological identification
(Brenner et al., 2000). This is based on the antigens they possess, which are O antigens or
somatic that are on the outermost layer of the cell surface lipopolysaccharide and H antigens,
which are on flagella, is the filamentous protein part of the flagellum. (Kauffman, 1966; Ewing,
1986; Brenner et al., 2000; Su and Chiu, 2005; CDC, 2011c). Collectively, S. bongori and S.
enterica have over 2600 serovars (Brenner et al., 2000; Gal-Mor et al., 2014). S. enterica alone
has > 2500 serovars and can be classified based on the type of infection they cause in humans;
typhoid Salmonella (TS) and non-typhoid Salmonella (NTS; Gal-Mor et al., 2014). Salmonella
(typhoidal and non-typhoidal) is a pathogen that causes foodborne illnesses all over the world
(WHO, 2016). Salmonella is also known to be found everywhere in nature including the intestine
of reptiles, insects, birds, and mammals (Adams and Moss, 2000; Brenner et al., 2000). The
organism has caused severe illnesses all over the world, with 1 out of 10 people infected each
year (WHO, 2016).
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Salmonella infection and pathogenicity
Salmonellosis is the infection resulting from Salmonella and as previously highlighted;
the infection can be typhoidal and non-typhoidal. Typhoidal salmonellosis causes enteric fever,
which otherwise is referred to as typhoid or paratyphoid fever (Gal-Mor et al., 2014; SanchezVargas et al., 2011). This infection occurs primarily in humans, who can also be a carrier of the
organism. The typhoidal Salmonella serovars that causes infection are Salmonella enterica
serovar Typhi, Paratyphi A, B or C (CDC, 2013c). Typhoidal salmonellosis can be very severe
and life threatening in the host cell (Sanchez-Vargas et al., 2011; CDC, 2013c). It is commonly
seen in areas of the world with poor sanitation, particularly in developing nations such as African
and South-East Asian countries (Crump et al., 2004; Meltzer and Schwartz, 2010; WHO, 2016).
Salmonellosis was estimated to cause over 200,000 deaths with an amount exceeding 27 million
cases all over the world (Crump et al., 2004; Gal-Mor et al., 2014). Non-typhoidal salmonellosis
causes gastroenteritis, which is inflammation of the gastro-intestinal tract including the stomach
and small intestine (Hunter et al., 2017). The infection could be mild or severe, which could lead
to a life-threatening invasive salmonellosis (CDC, 2011b). The infection is common in
industrialized nations like the U.S. (Sanchez-Vargas et al., 2011). Non-typhoidal Salmonella
occurs in humans, animals, birds etc. (Hunter et al., 2017). Birds are a primary reservoir for NTS
serovars (CDC, 2011b). Over 2500 serovars of Salmonella are responsible for causing nontyphoidal salmonellosis, which accounts for approximately 13.8 million cases of gastroenteritis
and 155,000 deaths each year, throughout the world (Westrell et al., 2009; Majowicz et al.,
2010).
Upon ingestion of Salmonella, symptoms of infection become evident after 4 to 72 hours,
and this may cause illness that lasts up to a week (Chen et al, 2013; WHO, 2016). Salmonella
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infections resolve themselves without treatment, especially when symptoms include diarrhea,
fever, and abdominal cramps; however, in severe cases as seen in immuno compromised people,
it can be life threatening (Sanchez-Vargas, 2011; WHO, 2016). In addition, severe cases of nontyphoidal salmonellosis could lead to bacteremia, meningitis, and/or bone/joint infections,
especially when the bacterium make their way to the bloodstream of the infected person (Chen et
al., 2013). The infectious dose of NTS is 106 to 108 bacterial cells, and this could be greatly
reduced when the infected person is a child or an elderly person (Olsen et al., 2001; Antunes et
al., 2016).
TS causes infection in the host after ingestion by moving through the stomach to the
small intestine where it attaches to the surface of the gut epithelial cells and invades the nonphagocytic M-cells (Giannella et al., 1973; Gun, 2011; Sanchez-Vargas et al., 2011). Upon
invasion, TS uses its virulence genes found on its large chromosomal DNA, which is also
referred to as Salmonella pathogenicity islands (SPIs; Gerlach et al., 2007; Grassl and Finlay,
2008). Salmonella pathogenicity islands 1 and 2 (SPI-1 and SPI-2) play a significant role in the
attachment, invasion, and proliferation of TS (Grassl and Finlay, 2008). There are several
Salmonella Type Ⅲ Secretion System 1 (T1) effector proteins located on the SPI-1. These
include SopA, SopB, SopE and SopE2, which are released into the host cells (Misselwitz et al.,
2011; Okoro et al., 2012). Additionally, there are 2 regulatory systems, CpxR/CpxA and
PhoP/PhoQ, that helps T1 release these effector proteins (Raffatellu et al., 2008; Zhou et al.,
1999). The effector proteins then rearrange the actin cytoskeleton, which leads to ruffling and
engulfment that helps TS colonize and ultimately survive within the host cell (Uchiya et al.,
2004; Schlumberger and Hardt, 2006; Haraga et al., 2008; Ramos-Morales, 2012). Once TS
colonizes, it uses the host cells macrophages and dendritic cells that are inside the vacuole to
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replicate and achieve maturation (Uchiya et al., 2004). Afterwards, TS utilize its Type Ⅲ
Secretion System 2 (T2) that is on the SPI-2 to evoke another set of effector proteins that are
virulent to the host cell before spreading to other parts of the body (Galan and Curtiss, 1989;
Schlumberger and Hardt, 2006).
Infection is caused by NTS serovars as a result of invasion of the host cells intestinal
mucosa (Giannella, 1979). Upon invasion, a secretory response is induced in the intestinal
epithelium, and phagocytes from the submucosal space migrate to the intestinal lumen (Fàbrega
and Vila, 2013). This process results in the production of several proinflammatory cytokines,
including IFN-γ, IL-8, Il-6, IL-5, and TNF-α (Mizuno et al., 2003; Stoycheva and Murdjeva,
2005). These cytokines have been detected in the blood serum of people that are infected with
NTS (Gal-Mor et al., 2014). In addition, apart from the inflammatory response that causes the
cytokines to be released, many chemokines are also induced due to NTS infection (Gal-Mor et
al., 2014). The chemokines aid in the activation of macrophages, dendritic cells and neutrophils
into the intestinal lumen of the host (Nguyen et al., 2004; Gal-Mor et al., 2014).
Salmonella in poultry products
The consumption of poultry and poultry products is becoming higher than beef or pork in
the U.S. (Daniel et al., 2011; USDA-ERS, 2017b). The U.S. poultry industry produces more
broiler meat than other countries in the world and about 18% of the total poultry products are
exported (NCC, 2017a; USDA-ERS, 2017b). Poultry is a known reservoir for foodborne
pathogens, particularly Salmonella and Campylobacter (Obukhovska, 2013; Antunes et al.,
2016). Poultry meat and eggs are a good protein source in the human diet, but also constitute a
significant route through which Salmonella could enter the human food chain (Barua et al.,
2014). Humans could contract Salmonella by consuming contaminated poultry meat and eggs
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that are not properly cooked. The CDC in 2011, attributed foodborne illnesses to specific food
commodities and determined that poultry accounts for 19% of the deaths, many of which were
because of Salmonella and Listeria infections. Additionally, of all foodborne outbreaks occurring
in the U.S., the CDC attributed 22% and 29% of the illnesses and deaths, respectively to
outbreaks caused by meat and poultry products (CDC, 2013a). The CDC also reported that nontyphoid Salmonella is the leading cause of foodborne infection in the U.S. (CDC, 2013a). The
top five non-typhoidal Salmonella serovars that have been identified in poultry and egg products
are S. Enteritidis, S. Typhimurium, S. Newport, S. Javiana and S. Heidelberg (CDC, 2011b). The
most common serotype isolated in human gastroenteritis infection caused by poultry meat are S.
Typhimurium, S. Enteritidis and S. Heidelberg (Foley et al., 2008). Salmonella has also been
isolated on the skin and feathers of live poultry, resulting in a high incidence of crosscontamination in the processing plant (Bryan and Doyle, 1995). The FSIS conducted a series of
studies to investigate the prevalence of Salmonella at different poultry establishments, and they
observed that out of 51,327 broiler carcasses examined, 280 samples tested positive for S.
Enteritidis (Altekruse et al., 2006). In another study, approximately 72% of the carcasses tested
were Salmonella positive with different Salmonella serotypes identified (Berrang et al., 2009).
Similarly, 251 broiler carcasses were tested for possible Salmonella contamination and the
authors found about 34% of the carcasses were contaminated with Salmonella (Simmons et al.,
2003).
Regulations for Salmonella in poultry processing
The USDA-FSIS has a compliance guideline for controlling Salmonella and
Campylobacter in raw poultry for all poultry establishments (USDA-FSIS, 2008). The purpose
of the guideline is to help poultry establishments comply with regulatory requirements that have
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been established for poultry processing; interventions include identifying different areas of
operation, pre-harvest (farm) and post-harvest (plant), where Salmonella could be controlled in
order to produce safe and wholesome poultry meat (USDA-FSIS, 2008). Pre-harvest controls
include implementation of a good biosecurity program, litter moisture control, sanitation of the
poultry house and equipment, and good hygienic practices by employees (Wedderkopp et al.,
2001; Alali and Hofacre, 2016). Each post-harvest step from receiving birds at the plant to
shipping has guidelines to control Salmonella (USDA-FSIS, 2008). Salmonella regulatory
controls also entail the approval of chemical agents (antimicrobial interventions) during different
processing steps to reduce Salmonella contamination (USDA-FSIS, 2016b). In addition, the
approved antimicrobial must not have any detrimental effect on the quality of the poultry meat
and must be categorized as generally recognized as safe (GRAS) for inclusion in human food
(US-FDA, 2014).
Poultry processing practices and interventions
The presence of foodborne pathogens during poultry processing signifies a threat to food
safety. As mentioned before, the gastro-intestinal tract of live poultry is a natural reservoir for
pathogenic microorganisms, specifically Salmonella and Campylobacter (McKee, 2012). It is
important to note that the main method of transmitting these pathogens to live poultry is not well
defined; however, it has been established that Salmonella can be transmitted by trans-ovarian or
vertical transmission (McKee, 2012). In vertical transmission, any infection to the ovary or
oviduct of a layer or breeder hen could result in contamination of eggs (McIlory et al., 1989; Cox
et al., 2005; McKee, 2012). Horizontally, Salmonella may be transmitted through the
environment as seen in samples from grow-out houses, which includes the feeder, water lines
and litter (Hoover et al., 1997; Amick and Morris, 1998). At the processing plant, any pathogen18

harboring bird could easily contaminate other birds. The effect of Salmonella contamination can
be substantial because the pathogen possesses the ability to persist in wet environments such as a
poultry processing plant and may remain on processing equipment and surfaces like the picker
fingers, scalder and eviscerator; hence leading to cross contamination (Lillard, 1989;
Chmielewski and Frank, 2003).
Campylobacter is another commensal organism that could be transmitted through contact
with contaminated meat (Cleveland et al., 2001; McCarthy et al., 2007). This emphasizes the
importance of controlling Salmonella and Campylobacter during poultry processing. Practices
and Interventions are continuously being implemented and improved by the USDA-FSIS and the
poultry industry to reduce the incidence of foodborne illnesses caused by Salmonella and
Campylobacter (USDA-FSIS, 2016c). These interventions include Good Manufacturing
Practices (GMPs), cleaning and sanitation, Sanitation Standard Operating Procedures (SSOPs)
and Hazard Analysis and Critical Control Point (HACCP) plans.
Good manufacturing practices
In 1968, the U.S. Food and Drug Administration (US FDA) proposed a set of procedures
to help the food industry meet the requirements needed to produce food in a sanitary facility and
under safe conditions. These procedures are referred to as Good Manufacturing Practices
(GMPs). GMPs help establish methods, facilities, equipment, and control necessary to produce
and process food products (Ahmed, 2009; AFFI, 2011). GMPs are important and should be
utilized during processing, packaging, shipping, and storing of food that is intended to be
consumed by humans and animals (ISU-FSNH, 2016). Compliance to GMP regulations by the
poultry industry is essential to the government, the industry and most importantly, the consumers
of poultry products. This is because GMPs are benchmarks upon which other foodborne
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pathogen preventive measures are built (Boyd, 1994; FDA, 2005). Since consumers are
increasingly concerned about the safety and quality of poultry products due to product recalls, it
is important for the poultry industry to ensure that poultry meat is safe and wholesome for
consumers (Trienekens and Zuurbier, 2008). Many factors have been identified that affect the
safety of poultry meat. An important factor during processing is cross-contamination, which
could occur during different processing steps. First, an infected live bird with a pathogenic
microorganism entering the processing plant could lead to cross contamination (Morris and
Wells, 1970). Second, the automated processing equipment could serve as a source of
contamination (Mead et al., 1995). Third, cross contamination could occur due to employees that
are not in compliance with good hygienic practices (GHP) or GMPs and last, the environment
i.e. the processing facility where the poultry meat is produced could serve as a source of poultry
meat contamination (Mitchell, 2018). GMPs entail the least requirement needed to prevent and
control foodborne pathogens and to reduce contamination from all the sources stated above
(Blackburn and McClure, 2002). The areas covered under GMPs (21 CFR Part 117; FDA 2016)
that all poultry establishments should include in their written GMPs procedure include:
•

21 CFR117.10 Personnel (i.e. hygienic practices of the people working directly and
indirectly with food production).

•

21 CFR 117.20 Plants and grounds (i.e. the inside and outside of the food production area
including the construction and design of the processing plant).

•

21 CFR 117.35 Sanitary operations (i.e. proper cleaning and sanitation of food and nonfood contact area including the upkeep of chemicals and proper disposal; frequency of
cleaning for both the inside and outside of the facility are to be clearly outlined in the
written document).
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•

21 CFR 117.37 Sanitary facilities and controls (i.e. the entire facility must be in sanitary
condition).

•

21 CFR 117.40 Equipment and utensils (i.e. all equipment including food and non-food
contact surface are to be properly maintained in a sanitary condition including adequate
records of maintenance activities).

•

21 CFR 117.80 Processes and controls (i.e. the entire operation including the
manufacturing and supply of all products produced in the facility).

•

21 CFR 117.93 Warehousing and distribution (i.e. food products are to be stored and
shipped in a manner that will prevent re-contamination and cross-contamination).

•

21 CFR 117.95 Holding and distribution of human food by-products for use as animal
food (i.e. by-products intended to be used in the production of animal food are to be kept
in good conditions to prevent contamination).

•

21 CFR 117.110 Defect action levels (i.e. the establishment must maintain quality control
throughout the chain of production and handling to prevent intentional and unintentional
deficiency).

Since the implementation of GMPs in poultry processing, the training of poultry processing
employees has been more effective, particularly on hygienic practices and proper food handling
(Blackburn and McClure, 2002). Food safety hazards resulting from unsanitary equipment and
facilities are better identified and controlled (FDA, 2016).
Cleaning and sanitation
An important preventive measure that helps control foodborne pathogens during poultry
processing is cleaning and sanitation. A properly cleaned facility is essential to produce safe
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poultry meat (Higgins, 2003). Cleaning helps to remove all poultry processing soils (organic and
inorganic residue) through manual scrubbing along with the application of a chemical detergent
(Wilson, 2005). It is necessary to choose the right chemical detergent that is most appropriate for
the type of soil in the environment (FDA, 2004). This is because cleaning detergents have
different active agents and varying efficacy towards different soil types (Blackburn and
McClure, 2002). In addition, for the cleaning of processing equipment and surfaces to be
effective, it is important that all areas of the equipment be easily accessible, since enclosed and
hard to reach areas can become a potential breeding area for foodborne pathogens and encourage
the formation of biological films (Donlan et al., 2002).
After proper cleaning has been achieved, the application of sanitizers is used to further
reduce microorganisms that may be present on the processing surfaces and environments.
Sanitizers are to be applied on properly cleaned equipment and surfaces in order to be effective
(Schmidt, 1997). Sanitizers are antimicrobial agents that are applied to reduce microbial
contaminants to a safe level (Ryther, 2013). In poultry processing, the sanitizers applied during
sanitation must be approved by USDA as food grade (USDA-FSIS, 2015). This means the
chemical agents should not affect the quality and safety of poultry meat. Food grade sanitizers
permitted by USDA for use in cleaning and sanitation include chlorine compounds, peracetic
acid, sodium hydroxide, hydrogen peroxide, potassium hydroxide, ozone, and phosphoric acid
(directive 7120.1, Rev. 42; USDA-FSIS, 2017b). Pathogens respond to antimicrobial agents
differently and factors such as pH, contact time, temperature, concentration, and presence of
organic matter could have detrimental effect on the effectiveness of a sanitizer (Schmidt, 1997;
Blackburn and McClure, 2002; Stopforth et al., 2002; Ryther, 2013). There are investigations on
the efficacy of different sanitizers to reduce foodborne pathogens (Pan et al., 2006; Chia et al.,
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2009; Nguyen at al., 2014). Cruz and Fletcher (2012) observed a remarkable reduction in
Listeria monocytogenes that were grown on different surfaces that are commonly used in poultry
processing when exposed to different sanitizers, including acidified sodium chlorite, chlorine,
sodium chlorite and quaternary ammonium compounds. Similarly, when two cleaning agents and
sanitizers were combined to reduce L. monocytogenes biofilm on processing equipment surfaces,
there was a 99.97% (< 3 log reduction) in bacteria present in the biofilm (Somers and Wong,
2004).
Sanitation standard operating procedures (SSOPs)
Under the code of federal regulations, the USDA-FSIS require all poultry processing
establishments to have a written document that clearly states all of the procedures carried out
before and during the production of poultry meat on a daily basis in order to ensure that products
are produced without any form of adulteration and contamination (Harris and Blackwell, 1999).
The main purpose of these written documents is for consistency, which is important for the
quality, safety, and security of poultry products (USDA-FSIS, 2016c). SSOPs state the stepwise
process that is required to clean and sanitize any equipment. The procedure should address issues
such as a description of the task, personnel responsible for doing the task, when the task is to be
performed, documents showing the task was properly carried out, personnel that verify the task
was actually performed and records for upkeep of the procedure (Cruz et al., 2006). When
developing an SSOP, it is paramount to clearly state the point in processing when the procedure
is to be applied. For example, pre-operational SSOP should contain a stepwise procedure that
explains cleaning and sanitation before the beginning of the day’s operation (USDA-FSIS,
2016b). The procedure should also include the type of equipment or surface to clean, proper

23

handling of equipment and chemicals, how to clean food and non-food contact surfaces and
correct application of chemical agents (Cruz et al., 2006).
Hazard analysis and critical control point (HACCP) plan
In an effort to reduce the incidence of contamination on poultry meat and poultry
products by pathogenic microorganisms, the USDA-FSIS require all poultry and meat
establishments to develop and implement a food safety preventive control measure referred to as
hazard analysis and critical control point (HACCP) plan for each product that is produced (9
CFR 304; USDA-FSIS, 1996). The HACCP system is based on determining different points
during processing at which a physical, chemical or biological hazard are likely to occur, and
establish control measures that are properly monitored and validated to prevent the occurrence of
the hazards (Cruz et al., 2006). HACCP could be used to control foodborne pathogens during all
stages of poultry processing ranging from slaughter to shipping. It is set up in a way that allows
for verification, validation, and corrective action when deviations occur (Castro et al., 2002).
There are seven principles that must be addressed in a HACCP plan (9 CFR 304-417; USDAFSIS, 1996).
1. Conduct a Hazard analysis – This is the starting point. Any major food safety hazard that
could occur during processing is determined. All the steps involved in processing should
be listed along with the type of hazard that is likely to occur at each step. Lastly, at this
point it is important to know the control measure needed to prevent each identified hazard
(Vela and Fernandez, 2003).
2. Determine critical control points (CCP) – CCP is a significant point during processing,
where control measure can be applied to prevent a food safety hazard (Tompkin, 1994).
An example of a CCP in poultry processing is chilling because USDA has a regulation
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that the temperature of poultry carcasses exiting the chiller should be 40°F or less to
control Salmonella contamination. As a CCP, the plant would make sure poultry
carcasses are chilled to < 40°F and should have an employee designated to monitor
carcass temperatures every hour to prevent deviation. If the temperature exceeded the
regulation, proper corrective action would then be implemented (Tompkin, 1994).
3. Establish critical limits for each CCP – The management needs to establish a minimum
and maximum value to which a food safety hazard should be controlled at each CCP to
reduce or eliminate the occurrence of the identified hazards (Hulebak and Schlosser,
2002). The critical limit (CL) is usually a quantitative measurement such as time,
temperature, pH, concentration, and line speed (Tompkin, 1994). The CL in chilling is
40°F maximum.
4. Establish monitoring procedures for CCP – This refers to the frequency or repetition
needed to ensure that the CL is properly measured for each identified CCP. It is important
that the person designated to measure the CL accurately monitors the CCP and properly
writes down any observations each time a control measure is implemented. Monitoring is
essential to control the process as it helps to verify the accuracy of the plan (USDA-FSIS,
2016b).
5. Establish corrective action(s) – This step is helpful especially when the monitoring of a
CCP indicates deviations resulting from failure to meet the set standards for the CL. In
case of a deviation, the corrective actions will state the cause of the deviation, method
used to correct the deviation and plans instituted to prevent future recurrence. The
establishment should state in their HACCP plan the personnel designated to issue and
implement corrective actions.
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6. Establish record keeping and documentation procedure – As part of 9 CFR part 417, it is
recommended that poultry establishments keep adequate records of their HACCP plan.
This includes records showing that the HACCP plan was established, verified, validated
and effective (Hulebak and Schlosser, 2002).
7. Establish verification procedures – The identified hazards, CCP and CL should be
verified and validated as part of making sure the plan is effective. This will help to
determine if the control measures implemented are sufficient to control all identified
hazards and help the establishments reassess their HACCP plan on a regular basis.
Each of the poultry processing interventions previously discussed is not independent, but they all
work together as a part of a hurdle approach to prevent the contamination of poultry meat.
HACCP implementation in poultry processing depends on different pre-requisite programs
previously discussed such as GMPs, Standard Operating Procedures (SOPs), SSOPs, and
sanitation procedure in order to be effective. To determine the effectiveness of a HACCP plan,
the USDA institute performance standards for Salmonella and Campylobacter (USDA-FSIS,
2016d). The goal of the standards is to reduce human illnesses from Salmonella and
Campylobacter by 25% and 33%, respectively by the year 2020 (Federal Register – Notices,
2015). As of 2016, the USDA allowed 9.8% and 15.7% positive samples (broiler carcasses) for
Salmonella and Campylobacter, respectively. This means that out of 51 samples assessed in a
moving window of 52 weeks, only 5 and 8 samples, respectively could test positive for
Salmonella and Campylobacter (81 FR 7285; Docket No. FSIS-2014-0023; USDA-FSIS,
2016d). In addition, the USDA investigated the prevalence of Salmonella in poultry products and
found that Salmonella was lower when HACCP was implemented compared to pre-HACCP
implementation (Barbut, 2015). In another investigation, the FSIS observed that the majority of
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establishments utilizing HACCP did not have any failed test on their Salmonella performance
standards (Barbut, 2015).
Antimicrobial agents approved to control foodborne pathogens in the U.S.
Definition of antimicrobial agents
An antimicrobial agent includes any substance or mixture that work against all types of
microbes (this includes bacteria, fungi, and virus). This definition is broad and could be
narrowed to a specific substance working against a class of microorganisms. For instance, an
antibiotic is a substance produced by bacteria in order to limit the growth or completely kill
bacteria (McDonnell and Russell, 1999). Similarly, an antiviral or antifungal is effective against
viruses and fungi (Smith, 1990; Laufer and Starr, 1995). An antimicrobial agent may be used for
a therapeutic purpose (to treat infection), food preservation, disinfection, and sanitization (Block,
1991; Leekha et al., 2011; Becker, 2013). In addition, antimicrobials may be biostatic (i.e. they
inhibit the growth of microbes) or biocidal (i.e. they kill microbes; McDonnell and Russell,
1999).
As a disinfectant, an antimicrobial agent will inactivate any microorganism on an
inanimate object or surface (Patterson, 1932). Disinfectants are commonly biostatic, meaning
that they inhibit the growth of bacteria and its spores but not biocidal in which case the bacteria
endospore is not inactivated (Block, 1991).
As a sanitizer, an antimicrobial agent will inhibit the growth of microorganism that are of
most important to public health (21 CFR 110.3). The use of these agents in food processing
should not result in any quality issue, while preserving the safety of the food product (US-FDA,
2017a). Sanitizers can be applied on both food and non-food contact surfaces in poultry
processing plants.
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Regulations of antimicrobial agents
As stated in the Federal Food, Drug and Cosmetic Act (FFDCA), the Food and Drug
Administration (FDA) regulates the use of antimicrobial agents in food production in the United
States. The FFDCA was instituted by congress in 1938 to guard the safety of the nation’s food,
drug and cosmetic supply (Public law 75717; FDA 2009). Over the years, these laws have been
repealed and amended to be more inclusive and provide safe food products (FDA, 2007). These
laws are available in Title 21 Chapter 9 of the U.S. code of federal regulation (CFR). The U.S.
Environmental Protection Agency (EPA) regulates the registration and approval of antimicrobial
pesticides in the U.S. (NPIC, 2014; EPA, 2015; NPIC, 2015). These allow the agency to first
determine the effect of exposing such agents to the public without resulting in any adverse effect
to safety (EPA, 2015). The FDA and USDA regulates the application of antimicrobial agents to
food products during production and processing (FDA, 2017b). This includes but is not limited
to determination of appropriate concentration, permissible residues, and monitoring of their
effectiveness towards pathogens (FDA, 2017b). Under 21 CFR, chemical agents may be
included in food products directly or indirectly. First, chemical agents are added directly as a
food additive in which the intention for inclusion means the agent would become part of the food
without resulting in a negative effect on quality and safety when consumed (21 CFR 170.3 (e)
(1); FDA, 2017b). Second, the antimicrobial could be indirectly added as a food additive or
secondary food additive with the intention of becoming part of the food product e.g. antioxidant
or a stabilizer (21 CFR 178.2010; FDA, 2017b). Third, it can be added directly as a disinfectant
or as a sanitizer of which the intention is to control the growth of pathogenic microorganisms
that could cause the food to be unsafe for human consumption. Examples of this are chlorine and
hydrogen peroxide (21 CFR 178.1005; FDA, 2017b).
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Other antimicrobials used in poultry production that are regulated by USDA and FDA are
GRAS (Generally Recognized as Safe) substances. These are substances that may be included
directly or indirectly in food products without causing any safety and quality issues that make the
food unfit for consumption. Examples of GRAS substances used to inhibit foodborne pathogens
during poultry processing include organic acids, essential oils, hypochlorites etc. (FDA 2013).
The list of GRAS substances is available in 21 CFR 182, FSIS directive 7120.1 Rev. 2.2 (USDAFSIS, 2016).
Classification of USDA approved antimicrobials in poultry processing
Antimicrobial agents are commonly grouped based on their composition, molecular
structure, antimicrobial activities towards pathogens, and mode of action (Becker, 2013). Their
mode of action highly depends on the way they disrupt some essential component of the bacterial
cell such as DNA synthesis, denaturation of proteins and/or enzymes, production of ATP, and
protein synthesis (Block, 1991, Rosenthal et al., 1992; Schmidt, 1997; McDonnell and Russell,
1999). The subsequent section will focus on the three commonly used antimicrobial agent in
poultry processing, a summary of different classes of antimicrobial agents and their targets are
highlighted in Table 2.2.
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Table 2.2

Classes, examples, activities, and targets of antimicrobial agents

Class
Acids: Organic
Inorganic

Chlorine Compounds
Quaternary
Ammonium
Compounds (QACs)
Iodine Compounds
Phenols and Cresols
Peroxygens
Ozone

Examples
Citric acid, acetic
acid, propionic acid,
lactic acid.
Sulphuric acid,
hydrochloric acid,
phosphoric acid
Hypochlorites,
chlorine dioxide
Benzalkonium
chloride,
Cetylpyridinium
chloride
Iodine, Iodophors
Ferulic acid, Garlic,
acid, Chlorogenic
acid
Hydrogen peroxide,
peroxyacetic acid

Activity
Interferes with cellular
uptake, affects pH
gradient and disrupts
protein synthesis

Target
Cell membrane

Protein denaturation,
oxidizes peptide link,
outer membrane
Outer membrane
damage, cellular
leakage, cell lysis

Cell membrane,
amino group of
proteins
Binds
phospholipids,
membrane proteins

Disrupts electron
transport
Inactivation of essential
enzymes, cell lysis

Cytoplasmic
membrane proteins
Cell membrane,
cytoplasmic
enzymes
Cell membrane

Denaturation, cell
degradation
Nucleic acid
inactivation, oxidation

Cell surface amino
groups, cell
membrane double
bond
Nitrogen Compounds Nitrite, nitriles
Cell wall
(Russell, 1983; Block, 1991; Maris, 1995; Denyer and Stewart, 1998; Robards et al., 1999;
Maillard, 2002).
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Quaternary Ammonium Compounds (QACs)
The structure of quaternary ammonium compounds (QACs) are composed of nitrogen at
the center, which is bound to four organic groups (Pfuntner, 2011). QACs are positively charged
surface-active agents otherwise called surfactants that are sometimes referred to as cationic
detergents (Brannon, 1997 in McBain; McDonnell and Russell, 1999; McBain et al., 2004). They
contain hydrophilic polar and hydrophobic repellant chemical groups, which makes them a good
detergent (Ventullo et al., 1986; McDonnell and Russell, 1999). Some examples of QACs
detergent include cetylpyridinium chloride (CPC), chlorhexidine, and benzalkonium chloride
(McDonnell and Russell, 1999; McBain, 2004). QACs possess a broad-spectrum antimicrobial
activity, they inhibit bacterial growth, and are very active against bacterial spores (Russell, 1990;
Brannon, 1997; Sidhu et al., 2002). They are applied at a range between 100 to 400 ppm and on
an average of 200 ppm to sanitize food-contact surfaces (Schmidt, 1997). These compounds are
very effective due to their residual effect on surfaces; this means after application, it is important
to give time for the antimicrobial to dry in order to have a maximum effect on the pathogen
(Pfuntner, 2011). QACs are active agents at a higher pH and functions well over a wide range of
temperature (Maillard, 2002). In addition, they are very stable, nontoxic, odorless compounds
that causes no stain or corrosion to equipment, which makes them effective detergent and
sanitizer in poultry processing applications (Davis, 1960; Knight and Coke, 2002; McBain,
2004).
Antimicrobial properties of QACs
QACs are more active against gram-positive bacteria even at a low concentration when
compared to gram-negative bacteria (Denyer, 1995; DeQueiroz, 2004). This is because gramnegative bacteria possess a thin peptidoglycan cell wall, an inner cell membrane and an outer
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membrane (Jennings et al., 2015). The outer membrane defense mechanism of gram-negative
bacteria makes QACs and other antimicrobials less effective. Contrarily, gram-positive bacteria
have a thick peptidoglycan cell wall and a singular cell membrane that permits the effectiveness
of QACs antimicrobial activities (Jennings et al., 2015). Furthermore, the activities of QACs
have been reported to be significantly influenced by the length of their alkyl group chains
(Tomlinson et al., 1977). QACs with chain lengths between 11 and 17 carbons (C11 – C17) have
the strongest antimicrobial properties in comparison to < C11 and > C17 (Maris, 1995; DeQueiroz,
2004; Ioannou et al., 2006). It was also reported that a C16 QAC was very effective in damaging
the outer membrane of a gram-negative bacterium when compared to shorter length QAC. The
possible reason for this effectiveness could be due to the chain length, which was able to react
with the fatty acid portion of the lipid bilayer of the bacterium (Ahlström et al., 1999). In
addition, alkyl group QACs with alcohol such as alkyl resorcinol has a greater antimicrobial
activity due to longer alkyl chain length, which enables it to transform to heptyl resorcinol
(Resuggan, 1952). Other authors suggest that the antimicrobial activity of QACs could be linked
to concentration (Resuggan, 1952; Maris, 1995). These chemical agents can act as bactericidal,
bacteriostatic, and sporostatic (Resuggan, 1952; DeQueiroz, 2004). At low concentrations, QACs
can act as both bactericidal by completely inhibiting the growth of bacteria, especially grampositive bacteria and sporostatic by affecting the process of spore formation (McDonnel and
Russel, 1999; DeQueiroz, 2004; Ioannou et al., 2006). Although, QACs are very stable and
function well over a wide pH range, they are believed to be more active at a pH of 6.8 to 7.5
when in solution, especially against gram-positive bacteria (Resuggan, 1952). At > pH 8, some
QACs are effective whereas others have a maximum effect at a neutral or low pH (Resuggan,
1952).
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Mode of action of QACs
QACs can bind to the phospholipid layer of the cell membrane as well as membranous
proteins (Daoud et al., 1983; Russell, 1983; Mayaudon and El-Zayat, 1985). Cell surface
permeability is greatly affected by the actions of QACs because once the compound binds to the
cell membrane, it becomes easily absorbed by the cell (Sakagami et al., 1989; Maris, 1995). The
mode of action of QACs have been explored on different gram-positive bacteria such as
Staphylococcus aureus and Enterococcus faecium; and gram-negative bacteria like Salmonella
spp (Boucher et al., 2009). One way to understand this mode of action is through the charges on
QACs. Since QACs have a positively charged head, it is easy for the head to attract the cell
membrane of bacteria, which is negatively charged. This will allow the penetration of the chains
of QACs into the cells, which will cause seepage of the intracellular substance within the cell
(Maris, 1995; Jennings et al., 2015). Other authors explained that the reaction between QACs
and the surface of the cell membrane result in adsorption and toxicity, which causes leakage and
damage to the cell membrane (Resuggan, 1952; Hamilton, 1968; Ioannou et al., 2006). Similarly,
some compounds among QACs like the alkyl groups react with the bacteria’s outer membrane
using ionic and hydrophobic interactions to connect themselves with the lipid layer of the
bacteria cell membrane. This causes a change in the membrane and eventually leads to leakage
of essential membrane content (Ioannou et al., 2006). In a study, Staphylococcus aureus, E. coli,
and Streptococci cells were exposed to QACs. The author revealed that when high
concentrations of QAC was applied, it caused a bactericidal effect on the bacterial cell as well as
leakage of nitrogenous and phosphorus content of the cell. On the contrary, the same effect was
not reported for other antimicrobials such as peroxides and chlorine compounds (Hotchkiss,
1946). In another study, Staphylococcus aureus was used to evaluate the mode of action of
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QACs and the authors observed that a significant amount of material leaked out of the cells at a
35°C incubation temperature. Furthermore, the compound caused autolysis of the cell, which the
authors explained may be due to the activities of RNases (Ioannou et al., 2006). In Pseudomonas
spp, benzalkonium chloride was found to result in an increase in cell permeability. This is
because of a breakage in the bacterial phospholipid bilayer (Mayaudon and El-Zayat, 1985).
Peroxide based compounds
Peroxyacetic acid (PAA) and hydrogen peroxide (H2O2) are the two major types of
peroxide-based compounds that are widely used in food processing. In poultry processing, PAA
(C2H4O3) is the most common peroxide-based compounds utilized. PAA is an equal mix of
hydrogen peroxide (H2O2) and acetic acid (CH3COOH; Kitis, 2004). Currently, PAA is mostly
used on poultry carcasses in chilling tanks as a replacement to chlorine. This is because the
efficacy of PAA is less impacted by organic load found in chiller water which can impact
chlorine (Ryther, 2013). PAA is a strong oxidizing agent, in fact stronger than chlorine, and has a
broad-spectrum antimicrobial action on bacteria (Leggett et al., 2015). This is credited to its
multifunctional activities as a biocide to bacteria and their spores, viruses, and fungi even at
much lower concentrations (McDonnel and Russel, 1999). As highlighted above, when PAA is
added in water, it easily dissolves to produce hydrogen peroxide and acetic acid (eq. 2.1) and can
further disintegrate to water, oxygen and carbon dioxide (Block, 1991; Alasri et al., 1992; Gehr
et al., 2003).
CH3COOH + H2O → CH3COOH + H2O2
(PAA)

(water)

(acetic acid) (hydrogen peroxide)
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(2.1)

PAA is very active at low concentration in comparison to hydrogen peroxide; it produces
a clear, colorless solution with a pungent odor, and it is commercially available in concentrations
that range between 10 to 25% (McDonnell and Russell, 1999; Kitis, 2004). The USDA permit
PAA concentrations up to 2000 ppm on poultry carcasses, but it is commonly used between 100
to 200 ppm on food-contact surfaces (directive 7120.1 Rev 42, Schmidt, 1997; USDA-FSIS,
2017b). In addition, unlike other oxidizing agents such as chlorine, PAA does not corrode
equipment, which makes it an antimicrobial of choice on poultry processing equipment
(Pfuntner, 2011). Even though PAA is good for the environment due to the by-products (oxygen,
acetic acid and water) produced upon decomposition, it disintegrates easily which makes it less
stable compared to hydrogen peroxide (Block, 1991). Another drawback to the use of PAA by
the industry is cost; PAA is more expensive than other antimicrobials but its strong antimicrobial
activities on foodborne pathogens make it an antimicrobial of choice in most poultry processing
plants in the U.S. (Ryther, 2013).
Antimicrobial properties of PAA
As previously mentioned, PAA is a very effective antimicrobial agent and its functions
include being bactericidal, sporicidal, fungicidal and virucidal (Dychala, 1988; Block, 1991;
Russell, 1999; Leggett et al., 2015). This is due to its nature and ability to act as both an acidic
and oxidizing agent (Bauermeister et al., 2008). It was reported that the antimicrobial activities
of PAA was first evaluated by Freer and Novy in 1902 (Kitis, 2004). Several factors may be
responsible for the effectiveness of PAA. The most important factor is that PAA attacks the
bacterium and the surface to which the bacterium is attached (King et al., 2005). On that note,
many authors evaluated the ability of PAA to exert its antimicrobial effect on different bacteria –
both gram-positive and gram-negative (Bell et al., 1997; Brinez et al., 2006; Bauermeister et al.,
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2008, Moore et al., 2017). The germicidal activities of PAA was tested against E. coli 0157:H7
and Salmonella Typhimurium. The authors reported that PAA was less effective against these
pathogens when compared to lactic acid and suggested that the PAA used may have less of an
antimicrobial effect on the pathogens tested compared to other pathogens. Secondly, the authors
argued that the surface to which the pathogens were attached might have a significant effect on
the efficacy of PAA (King et al., 2005). However, over the past decades, the activities of PAA to
attack foodborne pathogens have extensively been observed to be highly effective. Bauermeister
et al., (2008) tested different concentrations of PAA against poultry carcasses and observed that
as little as 25 ppm of PAA could reduce Salmonella spp. This may be attributed to the acidic
nature of PAA, and the fact that Salmonella thrive well at a pH range between 6.5 to 7.5
(Bauermeister et al., 2008). On gram-positive bacteria, PAA was observed to be sporicidal to the
spores of Bacillus magneterium (Marquis et al., 1995). Another study found that a 100 ppm PAA
reduced Campylobacter by 1.0 log after 15 minutes of exposure on chicken skin (Chantarapanont
et al., 2014). When using PAA on chicken carcasses, it is important to ensure that the
antimicrobial agent will not change the quality attributes of the poultry meat (Bauremeister at al.,
2008). Therefore, a higher concentration of 1000 ppm PAA was noted to be effective on
Salmonella while keeping the sensory attributes of the meat (Nagel et al., 2013). Further, PAA
levels of 700 and 1000 ppm reduced Campylobacter and Salmonella by 1.3 and 1.5 log,
respectively (Chen et al., 2014). The majority of these studies tested PAA at concentrations
below the maximum acceptable level (2000 ppm) set by the USDA.
Mode of action of PAA
Like most antimicrobial agents, there isn’t much information concerning the mode of
actions of PAA, but different authors have credited the antimicrobial mechanism of action of
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PAA as similar to other oxidizing agents and peroxide based compounds (Block, 1991; Kitis,
2004). The antimicrobial actions of PAA have been reported to work on the cell membrane of
bacteria (Block, 1991). The actions on gram-negative bacteria may not be as rapid as grampositive bacteria because the outer membrane of gram-negative bacteria act as a defense
mechanism but may also be the target site for antimicrobial actions (DeQueiroz, 2004). PAA
attacks the membranous lipoprotein of gram-negative bacteria and the lipid layer of grampositive bacteria (Leaper, 1984; Kitis, 2004). It has been suggested that PAA causes the
disruption of chemical bonds, including the sulfur and sulfhydryl bonds, which are in the
enzymes within the membrane. This action eventually destroys the active transport system inside
the cell membrane and subsequently hinders cellular activities (Liberti et al., 2000). Similarly, it
was further suggested that due to the oxidizing nature of PAA, it could oxidize and denature
membranous proteins and lipids, which causes disorganization of the cell membrane content and
eventually causes the cell wall to be more permeable to destruction (Baldry and Fraser, 1988;
Maris, 1995). Another conjecture about PAA is its capability to release hydroxyl radicals upon
crossing the cell membrane. This would, allow it to attack and inhibit pathogens by degrading
their DNA or damaging membrane proteins (Lebello et al., 2002; Wallace, 2002; Gehr et al.,
2003).
Chlorine compounds
Chlorine gas and sodium or calcium hypochlorite are the three main types of chlorine
releasing compounds (Russell, 1990). Out of these three compounds, sodium hypochlorite is the
most common and readily available in the market (Ryther, 2013). In poultry processing, sodium
hypochlorite is frequently used as an equipment spray, a dip treatment of poultry carcasses, and a
sanitizer for food-contact surfaces (CDC, 2008). Chlorine is marketed as an antimicrobial agent
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containing 5 to 15% (wt./vol. free chlorine) sodium hypochlorite (Russell, 1990). Sodium
hypochlorite is an effective antimicrobial on bacteria and their spores (Dychala, 1983). The
USDA permits the use of chlorine at 50 ppm free or available chlorine on chicken carcasses and
200 ppm free chlorine on food-contact surfaces during sanitation (CDC, 2008). Low cost and
easy availability make sodium hypochlorite an antimicrobial of choice for use at home and for
food manufacturing purposes (Pfuntner, 2011). Sodium hypochlorite has a broad-spectrum
antimicrobial action coupled with being a strong oxidizing agent (Pfuntner, 2011). The
compound is however very unstable; and its potency is easily influenced by various factors such
as temperature, concentration, pH, and the presence of metals (Gordon, 1993). Sodium
hypochlorite is very soluble in water, and it is expressed as free or available chlorine in solution
(Haas, 1999). Combined chlorine is another term that is commonly used to express chlorine
concentration in solution, particularly chlorine releasing compounds such as chloramines (Yee et
al., 2008). The use of sodium hypochlorite in food processing is limited due to its corrosivity to
metals, of which most food processing equipment is produced, irritation to skin when people are
exposed, and the possibility of forming a disinfectant by-product upon decomposition (Zhang
and Minear, 2002).
Antimicrobial properties of sodium hypochlorite
When sodium hypochlorite is dissolved in water, it can be present in two forms: (1)
hypochlorous acid, HOCl and (2) hypochlorite ion, OCl-. The presence of either of these two
forms depends on the pH of the solution (Haas, 1999). As previously mentioned, the
antimicrobial properties of sodium hypochlorite can easily be affected by different factors. pH
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affects the stability of chlorine in water and out of the two forms of sodium hypochlorite
mentioned above, hypochlorous acid is the most germicidal as shown in eq. 2.2.

NaOCl + H2O → HOCl + NaOH

(2.2)

Hypochlorous acid can be bactericidal and sporicidal; this antimicrobial activity is credited to the
lack of electric charge as shown in eq. 2.2 (Russell, 1990). It was observed to be very effective
against the spores of Bacillus and Clostridium (Cousins and Allan, 1967). As stated above, pH,
among other factors, may determine the dissociation of hypochlorous acid into hypochlorite ion
(eq. 2.3), which is less germicidal (Russell, 1990).

HOCl → OCl- + H+

(2.3)

When the pH of the solution is below 4, there appears to be more dissociated
hypochlorous present in the solution than hypochlorite ion. Whereas at a pH of 6.5 to 8.5, the
reaction seems incomplete because both hypochlorous acid and hypochlorite ions are present in
the solution (see Table 2.3. National Research Council, 1980; McDonnell and Russell, 1999).
Table 2.3

Percentage of hypochlorous acid (HOCl) and hypochlorite ion (OCl-) at different
pH’s

pH
6.5
7.0
7.5
8.0
(Lenntech, 1998)

HOCl
95%
80%
50%
20%
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OCl5%
20%
50%
80%

Sodium hypochlorite has greater antimicrobial activity at high temperature and concentration
with longer exposure on the bacterial cell wall (Carsson and Bess, 2003). Conversely, the
presence of organic load also affects its efficacy (Russell, 1990). Although, hypochlorous acid
mixes well with nitrogenous compounds in water to form chloramines (eq. 2.4), this creates a
less effective form of chlorine against bacteria, when compared to hypochlorous acid or
hypochlorite ion (Yee et al., 2008).

HOCl + NH3 → NH2Cl (monochloramine) + H2O

(2.4)

Mode of action of sodium hypochlorite
Several authors have studied the mechanism of action of chlorine. Some authors attribute
its action to the oxidizing effect on bacteria, since it is a strong oxidizing agent (McDonnell and
Russell, 1999). Chlorine is a membrane active antimicrobial; it destroys outer membrane activity
of gram-negative bacteria. Afterwards, it penetrates the bacteria cell membrane and cause the
cell to lose permeability, which eventually results in cell death (McDonnell and Russell, 1999;
Russell, 1999). It is also active against cell membrane proteins like other oxidizing agents; it
disrupts DNA synthesis (Bloomfield, 1992). Other actions of hypochlorous acid include
decreased ATP production at lower doses and reduction in cellular respiration at high doses,
which could lead to leakage of ions out of the cell (Russell, 1983).
Tolerance in foodborne pathogens to antimicrobial agents
The food processing environment supports bacterial growth, survival, and contamination.
Although stringent hygienic practices are employed, pathogenic agents could contaminate food
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products during processing. This may be due to acquired tolerance to antimicrobials agents that
are used for disinfection and sanitization. Foodborne pathogens encounter different
environmental changes in the food processing environment, including low pH, heat, and low
levels of antimicrobials that could cause injury or stress (Begley and Hill, 2015). Pathogenic
agents including Escherichia coli, Listeria monocytogenes, and Salmonella enterica could adapt
to these stressors, influencing their growth, survival, and persistence in the processing
environment (Sheridan et al., 2012; Begley and Hill, 2015). Many authors have reported an
increased tolerance in the pathogenic microorganisms mentioned above to antimicrobial agents
like chlorine-releasing agents and quaternary ammonium compounds due to prior exposure to
low levels (sublethal) of the antimicrobial agent (Braoudaki and Hinton, 2004; Randall et al.,
2007; Capita et al., 2014; Tamburro et al., 2015; Curiao et al., 2016; Møretrø et al., 2017).
Tolerance to antimicrobials could be influenced by genetic factors, including mutation and the
presence of mobile genetic elements (i.e. plasmids, transposons, and integrons; McDonnell and
Russell, 1999; Müller et al., 2013; Jiang et al., 2017).
Salmonella enterica response to QACs tolerance
First generation quaternary ammonium disinfectants, including alkyl chains with 12 to 18
carbons, are commonly used in the poultry industry as a sanitizer for processing equipment and
the facility. The efficacy of QACs to inactivate Salmonella has been previously described, but
some factors including improper or prolonged storage and exposure to sublethal concentration
could cause reduced efficacy, which selects for tolerant strains and/or resistance to the
antimicrobials (Russell, 2003, Molina-González et al., 2014). The acquired tolerance to QACs in
Salmonella through sublethal exposure has been well evaluated, and studies have reported
different responses in the pathogen including changes in the minimum inhibitory concentration
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(MIC) of the antimicrobial after sublethal exposure, cell growth, and morphology
(Mangalappalli-Illathu et al., 2008; Castelijn et al., 2014; Obe et al., 2018b). MangalappalliIllathu et al., (2008) reported an adaptive response and survival of both planktonic and biofilms
of Salmonella enterica serovar Enteritidis that was exposed to benzalkonium chloride. A double
fold increase in the MIC from 15 ppm to 30 ppm was observed for both the planktonic and
biofilm cells following a sublethal exposure of 1 ppm for 6 days. In another study, a greater than
3.2% increase in the MIC was observed for Salmonella Typhimurium strains exposed to twice
the concentration of the MIC after only one passage of the culture in a sublethal concentration
(Randall et al., 2007). Similarly, results from Garrido et al., (2015) suggested that Salmonella
isolates from meat samples could tolerate high levels of QACs up to 250 ppm, which may have
contributed to the persistence of the isolates. Furthermore, tolerance to QACs could impact
growth rate in Salmonella strains as observed by Castelijn et al., (2014) where QAC-adapted
Salmonella strains had a reduced growth rate when compared to the non-adapted strains. In
addition, QAC is an antimicrobial that targets the cell surface of bacteria causing disruption and
leakage of cellular contents. While studies like Mangalappalli-Illathu et al., (2008) have reported
alterations to the bacterial cell surface roughness as a result of sublethal exposure to QAC in
Salmonella, others did not see any difference between the cell surface hydrophobicity of stressadapted Salmonella Typhimurium and its non-adapted counterpart. This suggests that alterations
to the cell surface hydrophobicity does not correlate with increased resistance to QAC (Castelijn
et al., 2014). It is possible that alterations in cell surface hydrophobicity do not result in
resistance to antimicrobial agents if the resistance is intrinsic. However, the process of adaptation
through gradual exposure to increasing sublethal concentrations could cause an alteration to the
cell surface hydrophobicity as an adaptive response.
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Genetic basis for Salmonella resistance to QACs
The tolerance of gram-negative bacteria to QACs have been linked to the presence of
genes that confer resistance to the compounds. The known QACs resistance genes are either
carried on mobile genetic elements including plasmids and integrons or are encoded on the
chromosome (Jaglic and Cervinkova, 2012). While some qac-resistance genes (qacA/B, qacC/D)
encoded on mobile genetic elements are commonly found in gram-positive bacteria, others
(qacE, qacEdelta, qacF, qacG, qacH, sugE(p)) have been associated with gram-negative
bacteria, particularly bacteria within the enterobacteriaceae family (Chang et al., 2007; Wang et
al., 2008; Longtin et al., 2011; Jaglic and Cervinkova, 2012). This is because these genes are
mostly encoded on plasmids or integrons, which are prevalent in gram-negative bacteria (Kuchen
et al., 2000; Jaglic and Cervinkova, 2012). For instance, qacA/B has been found on plasmids,
while qacE and qacEdelta were located on the 3´ conserved sequence of class 1 integrons
(Paulson 1995; Ploy et al., 1998; Kuchen et al., 2000 and Chuanchuen et al., 2007). Plasmids and
integrons are highly mobile elements that also carry several antibiotic resistance genes, including
β-lactamase, trimethoprim, and aminoglycosides, which means QACs resistance in Salmonella
can be co-expressed with antibiotic resistance (Lyon and Skurray, 1987; Chapman, 2003). The
chromosome-encoded genes that confer resistance to QACs in gram-negative bacteria include
sugE(c), emrE, ydgE/ydgF, and mdfA (Bay and Turner, 2009; Jiang et al., 2017). While many
QACs resistance genes have been detected in different gram-negative bacteria, including
Escherichia coli isolated from retail meat, studies showing the detection of these genes in
environmental samples are limited. The mechanism of resistance to QACs involves the efflux
pump system, which contain energy dependent transport proteins that depend on proton motive
force to channel toxic material out of the cell (Littlejohn et al., 1992; Chapman, 2003; Altinöz
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and Alturner, 2019). In addition, different classes of efflux pump systems are involved in
bacterial resistance to QAC. The major efflux pump systems involved in QAC resistance are the
small multidrug resistance (SMR) family and major facilitator superfamily (MFS) (Rouch et al.,
1990; Zou et al., 2014). The genes in the SMR family include sugE (c and p), emrE, ydgE/ydgF,
qacE/Edelta, qacF, qacG, and qacH, while mdfA belongs to the MFS (Bay and Turner, 2009;
Zou et al., 2014).
Salmonella enterica response to chlorine tolerance
Sodium hypochlorite (chlorine) is a strong reactive chlorine species and like other
chlorine releasing agents, it has a high oxidizing activity against bacteria. The activity of sodium
hypochlorite in water allows it to form hypochlorous acid, which is the most germicidal form of
chlorine expressed as free or available chlorine (Inatsu et al., 2010). However, the nutrient-rich
processing environment with organic residue and water pH could influence the dissociation of
hypochlorous acid, thus reducing the amount of free chlorine that reacts with bacteria that is
present in the processing environment (Russell, 1990). This has led to many studies that
examined the ability of Salmonella and other foodborne pathogens to handle sublethal chlorine
stress and the reaction such a stressor induces in a bacterium. Several studies have reported the
changes in tolerance in different Salmonella strains after sublethal chlorine exposure as
expressed by higher MIC’s compared to the initial MIC before exposure (Whitehead et al., 2011;
Condell et al., 2012; Molina-González et al., 2014; Capita et al., 2017; Obe et al., 2018a; Capita
et al., 2019). These studies have reported a 0.5 to 2-fold increase in MIC after sublethal chlorine
exposure, which suggests that the concentration the bacterium was exposed to, could not destroy
the bacterial cells, which led to cell repair (Gray et al., 2013). In addition, a change in cell
structure including morphology has been induced in Salmonella and other foodborne pathogens
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as a response to chlorine stress. While some authors have observed elongation in Escherichia
coli and Listeria monocytogenes, others have seen the development of rough, dry and red
colonies of different Salmonella strains and Vibrio spp. (Rice et al., 1993; Morris et al., 1996;
Anriany et al., 2001; Capita et al., 2014; Bansal et al., 2018, Obe et al., 2018a; Bansal et al.,
2019). The rugose morphotype of Salmonella was expressed due to several passages through
sublethal chlorine concentrations, which allowed the bacterium to become more tolerant to
higher chlorine concentrations and other antimicrobials (Anriany et al., 2001; Obe et al., 2018a;
Bansal et al., 2019).
Genetic basis for Salmonella resistance to sodium hypochlorite
As mentioned before, reactive chlorine species including hypochlorous acid are powerful
oxidants that disrupt different cellular components in bacteria, which respond to the toxicity of
such compounds through diverse stress response systems. When bacteria encounter
hypochlorous acid, it causes lethal damage that quickly results in death. However, exposure to
sublethal doses causes damage to the bacterial cell that can be repaired, which allows for survival
under extreme conditions (Gray et al., 2013). Bacteria defenses against reactive chlorine species
include (1) upregulation of catalases and peroxidases, which are peroxide scavenging enzymes
and are thought to protect against oxidative stress (Dukan et al., 1999; Wang et al., 2009; Wang
et al., 2010) and (2) upregulation of methionine sulfoxide reductase (Msr), an enzyme that
catalyzes the reduction of methionine sulfoxide (MetO) that occur as a result of methionine
oxidation during the influx of reactive chlorine species into bacteria cells (Moskovitz, 2005;
Wang et al., 2010). Overexpression of Msr in E. coli was observed to increase tolerance to
hypochlorous acid (Rosen et al., 2009). (3) Oxidative stressed cells have shown upregulation of
genes, including isc, nif, and suf, which are involved in the repair and biosynthesis of iron-sulfur
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clusters (Wang et al., 2010). Assembly of iron-sulfur clusters is a critical step in the
posttranslational maturation of iron-sulfur proteins (Takahashi and Tokumoto, 2002).
Furthermore, there are other transcriptional factors involved in bacterial defenses against
oxidative stress. These stress-related transcriptional factors are OxyR (oxidative stress regulator),
RpoS (central stress regulator), SoxRS (a component of the oxidative stress regulator operon),
and ArcA (Aerobic respirator control) protein (Malpica et al., 2006; Imlay, 2008; Crack et al.,
2012). Treatment with chlorine induces oxyR and the genes under its regulation in Salmonella
Enteritidis and Typhimurium (Wang et al., 2010). Similarly, genes under the SoxR regulon
including micF, which is a small RNA that represses outer membrane porins was induced in E.
coli treated with hypochlorous acid in phosphate buffer (Dukan et al., 1996). In addition, Wang
et al., (2010) found that genes that encoded chaperons (dnaK, dnaJ, groE, groS, groL, and htpG)
were upregulated in chlorine-treated Salmonella Enteritidis and Salmonella Typhimurium. These
genes help bacteria deal with protein unfolding and aggregation that occur as a result of
environmental stress such as acidic pH and oxidative stress (Dougan et al., 2002; Hartl et al.,
2009).
Biofilm and foodborne pathogens
Microorganisms, whether in natural environments or on abiotic surfaces, can come
together to form an ecosystem that aid their survival in that environment. Such aggregation and
ecosystems are regarded as biofilms (Galié et al., 2018). Foodborne pathogens are believed to
use this phenomenon to thrive in the food production environment (Zhao et al., 2017). Different
foodborne pathogens that can produce biofilms have been associated with the biofilms that are
formed in the food environment. Some of these pathogens include Salmonella enterica, Listeria
monocytogenes, Vibrio spp, Shigella spp, and Escherichia coli (Sharma and Anand, 2002; Azwai
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t al., 2016; Haubert et al., 2016; Ziech et al., 2016). Bacteria biofilms in the environment are
usually composed of mixed bacteria species attached to a surface and protected by a selfproduced extracellular matrix, otherwise called extracellular polymeric substances, EPS (Zhao et
al., 2017; Galié et al., 2018). The extracellular matrix, which is composed of polysaccharides like
cellulose, lipids, proteins, teichoic acid, and extracellular DNA – eDNA (Shi and Zhu, 2009) is
believed to aid in the strong attachment of foodborne pathogens in food processing
environments. Some of the crucial roles of the EPS in biofilm formation is the production of
extracellular enzymes that provide nutrients, cell communication, and protection against toxic
compounds like antimicrobials (Flemming et al., 2016). The process of biofilm formation
involves the initial attachment on an abiotic surface, which is reversible as it involves weak
interactions like hydrophobic interactions and Van der Waals forces (Myszka and Czaczyk,
2011). If the attached cells are not promptly removed, physiological properties of the bacteria
such as cell surface hydrophobicity, fimbriae, pili, and flagella will further anchor the weakly
attached cells. At the end of this stage more EPS is produced, and the process becomes
irreversible (Van Houdt and Michiels, 2011; Jain et al., 2013). The bacteria cells multiply inside
the EPS and forms small colonies of cells that communicate through quorum sensing, which is
the colonization step (Srey et al., 2013). The process becomes complete with the maturation of
the biofilms and dispersion of the attached cells as free cells ready to colonize new surface areas.
The dispersion step is mediated by enzymatic reaction with the EPS (Zhao t al., 2017). Bacterial
biofilms in the food processing environment aid in the survival of pathogens and enhances their
pathogenicity.
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Salmonella biofilms in the food processing environment
Foodborne pathogens produce biofilms to survive strenuous environmental conditions.
Biofilm formation plays a significant role in the survival of Salmonella in the food processing
environment. Many studies have examined Salmonella biofilms on different abiotic surfaces
including rubber, glass, stainless-steel, cement, and plastic (Joseph et al., 2001; Pouty and Gunn,
2003; Arnold and Yates, 2009; Moretro et al., 2009; Nguyen et al., 2014; Yang et al., 2016; Obe
et al., 2018a,b). Others have evaluated the biofilms produced by strains that were recovered from
the processing environment (Vestby et al., 2009; Ziech et al., 2016; Yin t al., 2018). Due to the
wet nature and presence of organic matter in the poultry processing environment, Salmonella is
believed to have the ability to persist in the environment, which increases the potential to
contaminate poultry products (Hood and Zottola, 1997; Grigore-Gurgu et al., 2019). Schonewille
et al., (2012) examined the biofilm building capacity of different Salmonella serotypes from
poultry environments on a plastic plate and found that some of the isolates had better biofilm
building capacity compared to the laboratory grown strains. They also observed that some strains
could produce biofilms under certain laboratory conditions for which the laboratory-grown
strains could not. Similarly, the majority of Salmonella strains from poultry meat and the
environment produced weak to moderate biofilms on a plastic surface (Nair et al., 2015). Many
authors have reported differences in the attachment properties and biofilms produced by different
serotypes of Salmonella enterica, but others have not seen any significant differences (Kim and
Day, 2007; Bridier et al., 2015; Nair et al., 2015). Many factors influenced biofilm formation by
Salmonella enterica, including serotype, which suggests that biofilm formation in Salmonella
could be serotype dependent.
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Environmental factors influencing biofilm formation
The attachment of bacterial cells to abiotic surfaces has been described, however, there
are several factors that can impact this process. One of these factors is the surface to which
bacteria is attached. The chemical composition and properties of the surface such as roughness,
hydrophobicity, surface tension, and charge amongst others affect the attachment of bacteria to
the surface (Chmielewski and Frank, 2003; Zhao et al., 2017). Hydrophilic surfaces like
stainless-steel and glass have higher free surface energy that promote good attachment when
compared to hydrophobic surfaces including polyurethane plastic, Teflon, nylon, and buna-N
rubber (Mafu et al., 1990; Blackman and Frank 1996; Hyde et al., 1997; Sinde and Carballo
2000). Salmonella cells attach strongly to stainless-steel compared to acrylic (Nguyen et al.,
2013). Similarly, chlorine-adapted and non-adapted Salmonella cells showed greater preference
for stainless-steel compared to plastic (Obe et al., 2018b). Other research indicates that
Salmonella attached strongly to hydrophobic surfaces, and hydrophobicity did not impact
attachment of the cells to stainless-steel, Teflon, and glass surfaces (Chia et al., 2009; Veluz t al.,
2012).
The impact of pH on bacterial biofilm has been examined since pH can affect bacterial
growth, development, and inactivation (González-Rivas et al., 2018). Hoštacká et al., (2010)
noticed an increase in biofilm production when pH was increased from 5.5 to 7.5 and 7.5 to 8.5
in different bacterial strains while enhanced biofilms were seen at neutral pH in Burkholdera.
pseudomallei (Ramli et al., 2012). Similarly, while one study reported higher biofilm production
in Salmonella cells at a neutral pH, another showed that increasing pH of the growth media from
5 to 8 increased biofilm production (Xu et al., 2010; Iliadis et al., 2018). These studies show
variations in bacteria response to changes in pH. A gradual increase in pH rather than acidic
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shock can enhance bacteria survival by adjusting the activity and synthesis of proteins involved
in cellular processes, which allows the cell to adjust to the environmental change (Olson, 1993;
Oliveira et al., 2014).
Temperature is an important factor in bacterial growth. Mesophilic bacteria like
Salmonella grow rapidly when at optimum temperature, which means growth rate could be
impacted when the temperature falls below the optimum range. Garrett et al., (2008) explained
that bacteria consume more nutrient when exposed to optimum growth temperatures, and the rate
at which these nutrients are consumed depends on enzymatic activity, such that biofilm
formation is dependent on the rate of enzymatic reaction. When Borges et al., (2018) examined
the biofilm formation of the Salmonella isolates from poultry sources at different temperatures.
These researchers reported a greater percentage of strong and moderate biofilm formation at
37°C when compared to 28°C, 12°C, and 3°C, especially for Enteritidis and Typhimurium
serotypes. Others, however, have reported better biofilm formation at temperature ranges
between 22°C and 30°C, in comparison to 37°C (Stepanovic et al., 2003; Speranza et al., 2011).
Further, temperatures between 28°C and 30°C, promote bacteria aggregation and attachment,
which improves biofilm formation (Römling et al., 1998).
Interaction amongst species and availability of nutrients also impacts biofilm formation
(Chmielewski and Frank, 2003; González-Rivas et al., 2018). Bacteria grow more in the
presence of nutrients, but production of biofilms as a means of survival can be enhanced in the
presence of limited nutrients (Hood and Zottola, 1997). Other studies have reported greater
biofilm production under challenged nutrient conditions (Lagha et al., 2015; Yang et al., 2016;
Dhakal et al., 2019). For example, Dhakal et al., (2019) reported that Salmonella strains
produced more biofilm when grown in a nutrient-deficient medium (1/10 TSB) compared to a
50

full-strength TSB. The authors believed this could be due to a mutation in or overexpression of
the genes involved in biofilm formation and cell aggregation as means for Salmonella to survive
the stressful condition. This means genetic factor plays a significant role in biofilm formation.
Genetic basis for biofilm formation
Different components come together to make a biofilm structure. These components are
necessary for bacterial survival, colonization, and perhaps pathogenicity. The major components
of Salmonella biofilms that allows for attachment, adhesion and the formation of EPS are curli,
cellulose, fimbriae, polysaccharides, and liposaccharides (Corcoran et al., 2013; Peng, 2016;
Grigore-Gurgu et al., 2019). There are several genes and proteins expressed during the process of
biofilm formation since this is a process commonly undertaken to survive in the environment
(Peng, 2016; Grigore-Gurgu et al., 2019). The early stages of biofilm formation involve
attachment and adhesion through an interaction between the cell and the surface. The genes
encoding adhesins, flagella, and motilities are necessary for this step (Spöring et al., 2018).
Adhesion-mediated genes in Salmonella include the type-1 fimbriae genes, which is the most
characterized fimbriae in Salmonella encoded by the Fim gene cluster (fimAH), the long polar
fimbriae (Lpf) encoded by the lpfABCDE genes, and the plasmid-encoded fimbriae (Pef)
encoded by the pefBCD, orf5, and orf6 genes (Peng, 2016; Wolska et al., 2016; Tarabees et al.,
2017). Many studies have detected these genes in different Salmonella strains and suggested that
they play a role in adhesion to epithelial cells or the crypt of epithelial cells and biofilm
formation (Austin et al., 1998; Guerra et al., 2002; Ledeboer et al., 2006). Furthermore, the EPS
of Salmonella is composed of curli (an amyloid fimbriae that causes adhesion to epithelial cells),
cellulose (a β 1-4 D-glucose polymer that supports cell-cell interaction and promotes a sticky
texture), an O-antigen capsule (known to promote environmental persistence), and biofilm51

associated proteins that promote adhesion and biofilm formation (Collinson et al., 1993; Römling
et al., 2000; Zogaj et al., 2001; Gibson et al., 2006; Steenackers et al., 2012; Fàbrega and Vila,
2013). The expression of curli protein and cellulose is activated by the transcriptional regulatory
(CsgD) proteins, which are the major proteins that drive biofilm formation in Salmonella
(Steenackers et al., 2012). Curli biosynthesis is permeated by the csgBAC operon that encodes
CsgA (a major structural subunit), and CsgB (a surface-exposed nucleator protein), and
csgDEFG operons that encodes accessory proteins needed for curli assembly (Gibson et al.,
2007; Römling et al., 2000; Grigore-Gurgu et al., 2019). Studies have shown that the absence of
or mutation in some of these genes impacts biofilm formation by Salmonella on different
surfaces (Solano et al., 2002; Barak et al., 2005; Gibson et al., 2007). Curli also promotes host
cell adhesion and invasion, and an inflammatory response in the host (Barnhart and Chapman,
2006). Cellulose biosynthesis is promoted by the bcsABZD and bcsEFG operons, and although it
was not found to be crucial for biofilm formation in Salmonella on plastic surfaces, it was found
to be the main component of Salmonella biofilms on glass surfaces (Solano et al., 2002; Malcova
et al., 2008). Another important component of Salmonella biofilm is the biofilm-associated
protein (BapA), which is a cell surface protein that is encoded by the bapA gene (Grigore-Gurgu
et al., 2019). The surface protein is secreted through the type Ⅰ protein secretion system
(BapBCD operon) that is located downstream of the bapA gene. The absence of the gene results
in the loss of biofilm formation capabilities in Salmonella (Latasa et al., 2005). A recent study
indicated the presence of different biofilm formation genes, including csgB, csgD, adrA, fimH in
over 75% of Salmonella isolates from beef processing plants, while the bcsA gene was sparingly
detected (Yin et al., 2018). Contrarily, Jennings et al., (2012) reported that mutations in genes
like bcsA, csgB, and bapA did not impact biofilm formation in Salmonella.
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Controlling biofilms in the processing environment
Removal of biofilm in the food processing environment is much more difficult than free
unattached cells because bacteria in biofilms are attached and protected by the EPS (Shi and Zhu,
2009). The EPS usually act as a barrier against substances that can harm or kill the enclosed
bacterial cells (Van Houdt and Michiels, 2010). Many authors have studied different ways to
inactivate foodborne pathogens from various food products while few have determined effective
ways to remove biofilms (Joseph et al., 2001; Vestby et al., 2009; Soni and Nannapaneni, 2010;
Oliviera et al., 2014). Currently, most food processing plants use different antimicrobial
interventions to control foodborne pathogens either during production or for cleaning and
sanitization of processing equipment, surfaces, and the environment. However, there are reports
of infections, hospitalizations, and outbreaks due to foodborne pathogens (CDC, 2019a). Since
we know that biofilms are identified as a means of persistence in the environment, it is possible
that the current control measures are targeting the unattached cells, allowing contamination of
food products by biofilm producing strains.
Different controls including antimicrobials, enzymes, bacteriophages, essential oils, and
bacteriocins have been employed to control biofilms (Yang et al., 2016; Galié et al., 2018;
Grigore-Gurgu et al., 2019). Chlorine and QACs are the top chemical sanitizers for processing
surfaces. However, tolerance to these agents have been observed in Salmonella enterica (Dhakal
et al., 2019). The biofilm of Salmonella Enteritidis survived a lethal concentration of
benzalkonium chloride, a QAC, compared to the planktonic cells due to prior exposure to the
agent (Mangalappalli-Illathu et al., 2008). Another study reported greater tolerance to QAC for
biofilms of several Salmonella enterica strains from beef trims (Wang et al., 2017). Yang et al.,
(2016) also reported the presence of a relationship between the production of cellulose as part of
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the EPS matrix and biofilm resistance to chlorine. While all these studies showed that
Salmonella biofilms can tolerate the common antimicrobials used in the food processing
environment, others have reported the effectiveness of enzymes including cellulase on
Salmonella biofilms (Wang et al., 2012; Coughlan et al., 2016). Disruptive enzymes including
proteases, cellulases, amylases, and DNases have not been generally adopted as potential biofilm
control measures in the poultry processing industry, but studies have shown their efficacy against
foodborne pathogens, including Listeria monocytogenes, Escherichia. coli, and Staphylococcus
spp (Johansen et al., 1997; Nguyen and Burrows, 2014; Kumari et al., 2018). Similarly,
bacteriophages P100 and Endolysin Lys68 have reduced biofilms of Listeria monocytogenes and
Salmonella Typhimurium (Soni and Nannapaneni, 2010; Oliviera et al., 2014). In addition, the
potential of plant essential oils to inactivate bacterial biofilms have been evaluated. Essential oils
like carvacrol, thymol, and eugenol have shown the potential to reduce biofilms of S.
Typhimurium, L. monocytogenes, and E. coli, but impart strong odor to the environment and
food product (Knowles et al., 2005; dos Santos Rodrigues et al., 2017; Kim et al., 2016).
Antibiotic resistance in foodborne pathogens
Antibiotic resistance in foodborne pathogens is an ongoing threat to the safety of the food
supply in the United States. These pathogens can be transmitted to humans when contaminated
food is consumed. While foodborne infection in many people are usually resolved in a couple of
days, it could be fatal to others, which leads hospitalizations at which point antibiotic treatment
is imperative. Antibiotics, by nature, are active in killing bacteria. However, when bacteria
develop resistance, the killing activity of the antibiotic is negated (CDC, 2019b). The impact of
antibiotic resistance in pathogens is evident across all sectors, including the poultry industry. The
poultry-borne pathogens (Salmonella and Campylobacter) are estimated to cause over 600,000
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antibiotic-resistant infections each year in the U.S. (CDC, 2019b). Surprisingly, strains recovered
from food or food processing environments could possess resistance to more than one antibiotic.
This means understanding factors within the food environment that predispose bacteria to
antibiotic resistance could help improve food safety.
Salmonella resistance to antibiotics – Selected phenotypic studies
Many phenotypic studies have reported the resistance of different Salmonella strains to
various antibiotics. Some of these studies used the disk diffusion assay protocol of the National
Committee for Clinical Laboratory Standards (NCCLS) and reported the results as susceptible,
intermediate, or resistance based on the MIC breakpoints established by the NCCLS (CLSI,
2008; CLSI, 2012). A study in Spain reported a higher prevalence of resistance to sulfonamides,
tetracyclines, and aminoglycosides compared to β-lactams and fluoroquinolones in Salmonella
isolates from poultry processing plants (Carramiñana et al., 2004). Similar results were reported
for tetracyclines and sulfonamides in isolates from broiler carcasses in Brazil (Oliveira Cardoso
et al., 2006). Studies in China followed similar patterns with higher resistance to sulfonamides,
tetracyclines, and β-lactams (Yan et al., 2010; Lu et al., 2014). In contrast, Salmonella isolates
from beef samples in Senegal showed low resistance to sulfonamides, aminoglycosides, and
tetracyclines, but high resistance to nitrofurans (Stevens et al., 2006). Higher resistance to
nitrofurans in this study could be due to its extensive use at subtherapeutic levels in animal
husbandry or its use as an anticoccidial medicine. Results from selected studies in the United
States followed similar trends of resistance to sulfonamides, aminoglycosides, tetracyclines, and
β-lactams (Kiessling et al., 2002; Chen et al., 2004). However, other studies have reported
resistance to other classes of drugs including fluoroquinolones, which is concerning because of
its use in treating Salmonella infections in adults (Griggs et al., 1996; Herikstad et al., 1997;
55

Pribul et al., 2017; Cuypers et al., 2018). All the studies selected reflect that the incidence of
antibiotic resistance in Salmonella, especially from poultry meat, is a global public health issue
that needs continual attention.
Salmonella resistance to antibiotics – Selected genotypic studies
Many studies have reported the presence of different antibiotic resistance genes in
Salmonella, especially isolates from food. Others have found similarities in the pattern of
resistance genes between human and food isolates. The genes encoding β-lactamase (TEM-1 and
CMY-2) that signify resistance to ampicillin and extended spectrum β-lactams, aminoglycosides,
including kanamycin, gentamycin, and streptomycin, and sulfonamides were present in
Salmonella isolates from retail meat (chicken, beef, turkey, and pork) samples. Further analysis
revealed the presence of plasmids and integrons that could have contributed to the transfer of
resistance genes (Chen et al., 2004). Randall et al., (2004) reported a correlation between the
presence of antibiotic resistance genes and phenotypic expression in Salmonella strains from
animal and human sources. According, to the authors, there were also instances where isolates
showed phenotypic characteristic, but none of the resistance genes tested were the cause.
Furthermore, Antunes et al., (2005) also showed the presence of sul1 and sul2 genes (conferring
resistance to sulfonamides) and class 1 and 2 integrons in Salmonella strains. The sul1 gene has
been linked to other resistance genes, including dhfr1 and floR that confer resistance to
trimethoprim and chloramphenicol, respectively and are located on class 1 integrons (Randall et
al., 2004; Antunes et al., 2005). A similar relationship was later reported, where the frequency of
multidrug resistance rate in Salmonella strains was related to the prevalence of the int1 gene that
signifies the presence of class 1 integrons (Lu et al., 2014). The selected studies suggest that
different mobile genetic elements influence antibiotic resistance in Salmonella.
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Mechanism of antibiotic resistance – Role of efflux pump
Antibiotics inactivate/inhibit bacteria by working on a specific target that includes the
following: 1. Cell wall synthesis – β-lactams (penicillins, cephalosporins, carbapenems,
monobactams) and glycopeptides are antibiotics that inhibit the cell wall synthesis by binding to
the penicillin-binding proteins needed for peptide bond formation that extend the peptidoglycan
layer of the cell wall of gram-negative and gram-positive bacteria (Vollmer et al., 2008;
Kohanski et al., 2010; Altinöz and Altuner, 2019). 2. Protein synthesis – Aminoglycoside,
Tetracyclines, Macrolides, and Chloramphenicol target the 30S and 50S subunits of the ribosome
by binding to the A-site (coding) on the 30S, peptidyl transferase center and peptide exit tunnel
on the 50S (McCoy et al., 2012; Kapoor et al., 2017). 3. Nucleic acid synthesis –
Fluoroquinolones and Rifampin target DNA and RNA synthesis by inhibiting DNA gyrase
during replication and block RNA polymerization during RNA synthesis (Higgins et al., 2003;
Kohanski et al., 2010). 4. Folic acid synthesis – Sulfonamides and Trimethoprim are antibiotics
that target different steps in folic acid metabolism including the reduction of dihydrofolate by
dihydrofolate reductase (DHFR) to tetrahydrofolate (Bermingham and Derrick, 2002, Bourne,
2014).
Resistance to these antibiotics could occur through various means including a mutation
within a bacterial cell, alteration to the target site, horizontal gene transfer, and efflux pumps
(Jaglic and Cervinkova, 2012; Ortega Morente et al., 2013; Altinöz and Altuner, 2019). Efflux
pumps are active transport proteins that bacteria utilize to discharge toxic compounds out of the
cell, such as biocides and antibiotics (Russell, 2003; Altinöz and Altuner, 2019). Excessive
expression of these proteins could cause antibiotics to have reduced efficacy that allows for
resistance in bacteria (Fraqueza, 2015). As reviewed by Fernando and Kumar, (2013) and Sun et
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al., (2014), efflux proteins are classified into five different efflux pump system families: major
facilitator superfamily (MFS), small multidrug resistance family (SMR), ATP-binding cassette
(ABC) superfamily, resistance-nodulation-division (RND), and multidrug and toxic compound
extrusion (MATE).
The Major Facilitator Superfamily (MFS) and ATP-Binding Cassette (ABC) superfamily
are the two largest membrane protein efflux pump systems that are found in both prokaryotes
and eukaryotes. The MFS is also known as the uniporter-symporter-antiporter family due to their
function in transporting solutes, ions and metabolites (Pao et al., 1998; Locher, 2009). The ABC
superfamily uses the energy gained after ATP hydrolysis to import or export substrates in and
out of the cytoplasm. Unlike the MFS family that transport small solutes in response to the ion
gradient, the ABC family move micro and macro molecules in response to ATP hydrolysis
(Henderson, 1994; Pao et al., 1998; Locher, 2009). These two efflux pump systems are
responsible for transporting different classes of drugs, including aminoglycosides, tetracyclines,
chloramphenicol, rifampin, macrolides, and fluoroquinolones to the external environment of the
cell (Poole, 2002; Altinöz and Altuner, 2019).
The multidrug and toxic compound extrusion (MATE) superfamily carry different drugs
out of the cell, which causes resistance to multiple antibiotics. The activity of the MATE
superfamily and how they select antibiotics to transport out of the cells is unclear and is a current
area of study for many scientists (Lu, 2016).
The Resistance-Nodulation-Division (RND) transport system is a three-party complex
composed of the RND protein in the inner membrane, membrane fusion protein at the
periplasmic space, and the outer membrane protein. These proteins function as a channel through
which substrates that are acquired from the inner membrane are transported through the
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periplasmic layer and outer membrane in response to a proton gradient to the external
environment (Fernando and Kumar, 2013).
The Small Multidrug Resistance (SMR) Superfamily is a multidrug transporter family
that is composed of small proteins of about 100 to 140 amino acids that span the cytoplasmic
membrane as 4 transmembrane α-helical segments. They have short hydrophilic loops that make
them soluble in organic solvents due to their hydrophobicity (Paulsen et al., 1996; Winstone et
al., 2005). The SMR transporter is crucial to antibiotic-biocide resistance, because they do not
only transport antibiotics like tetracycline and sulfonamides out of the cells, but also confer
resistance to QACs, some antiseptics, and detergents (Littlejohn et al., 1992; Heir et al., 1999;
Jack et al., 2000). The SMR protein family have been identified on different plasmids and
transposons that carry other genes that confer resistance to biocides, which could explain the
ability of bacteria to co-select for antibiotic and biocide resistance concurrently. The SMR
homologues are also transferred horizontally, making them an efflux pump system that is critical
to bacterial resistance and food safety (Bay et al., 2007).
Cross resistance in Salmonella
As previously discussed, antimicrobial agents are commonly used during food processing
to control microorganisms and promote food safety. However, some of these cleaning and
sanitizing agents have similar mechanisms of action to antibiotics that are intended to kill
pathogens. This means that when an organism acquires tolerance or becomes resistant to a
cleaning or sanitizing agent, the organism could use a similar mechanism of resistance to offer
cross-protection to resist the action of antibiotics (Condell et al., 2012). It has been suggested
that exposing foodborne pathogens to sublethal concentrations of antimicrobial agents during
food production and processing could also select for resistance to antibiotics, especially those
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used to treat foodborne infection signifying a critical public health concerns (Braoudaki and
Hinton, 2004; Capita et al., 2014; Nhung et al., 2015). Condell et al., (2011), explained different
scenarios where pathogens could utilize the cross-protection phenomenon between antimicrobial
agents and antibiotics as a situation where an antimicrobial agent and antibiotics 1) share a
similar cellular target, 2) have a similar transport mechanism, 3) share a similar resistance
mechanism, and 4) have their resistance genes carried on one mobile genetic element. Some
studies that have observed the cross-protection/cross-resistance phenomenon in different
Salmonella strains from food and environmental sources are highlighted below.
Salmonella Typhimurium adapted to a mixture of aldehydes and quaternary ammonium
compounds or tertiary amine compounds exhibited a 2-fold reduced susceptibility to
ciprofloxacin and tetracycline, and a 3 and 4-fold reduced susceptibility to chloramphenicol and
nalidixic acid, respectively (Randall, et al., 2007). Similarly, Salmonella Derby and
Typhimurium that were previously exposed to sublethal levels of dimethyl ammonium chlorine,
a quaternary ammonium compound for 7 days did not only acquire resistance to QACs, but also
several antibiotics including chloramphenicol, streptomycin, nalidixic acid, and ciprofloxacin
(Soumet et al., 2016). In addition, mutant Salmonella Enteritidis that was exposed to chlorine
compounds showed resistance to tetracycline, chloramphenicol, nalidixic acid, and ciprofloxacin
(Potenski et al., 2003). Similar findings have been reported by several others following exposure
to QACs and sodium hypochlorite (Suller and Russell, 2000; Braoudaki and Hinton, 2004;
Alonso- Hernando et al., 2009; Molina-González et al., 2014; Obe et al., 2018a).
The cross-protection/cross-resistance phenomenon also exists between biofilm formation
and antibiotic resistance (Kim and Wei, 2007; González et al., 2018). As previously discussed,
biofilm formation is identified as one of the means through which Salmonella persist in the
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environment, and it has been suggested that persistent Salmonella strains from food sources were
multidrug resistant to various antibiotics in different drug classes (Wang et al., 2013; Cadena et
al., 2019). Capita et al., (2017) determined that adaptation to benzalkonium chloride and sodium
hypochlorite enhanced biofilm formation in different Salmonella strains. Bacteria in biofilms
may not respond to antibiotic treatment in a similar manner as free unattached cells due to the
presence of extracellular polymeric substances (EPS) production. According to Jolivet-Gougeon
et al., (2014), a possible reason for this is because the EPS is negatively charged, which delays
the release of many antibiotics that are positively charged, including aminoglycosides and
polypeptides. Furthermore, bacteria in biofilms could offer cross-protection by activating stress
response genes since many bacteria produce biofilm as a response to changes in environmental
conditions (Nguyen et al., 2011). For instance, previous studies revealed that Salmonella strains
that are exposed to sublethal chlorine stress exhibited morphological change, increased biofilm
formation, and reduced susceptibility to ciprofloxacin, streptomycin, and
sulphamethoxazole/trimethoprim (Obe et al., 2018a, 2018b). In addition, oxidative stress could
favor bacteria in biofilms by inducing overexpression of efflux pump proteins that discharge
antimicrobial agents and antibiotics out of the cell, which allow biofilm-producing bacteria to
persist in the environment and express resistance to antibiotics (Feliziani et al., 2010; Le Bars et
a., 2012; Jolivet-Gougeon et al., 2014).
Use of Whole Genome Sequencing in the food industry
Whole genome sequencing (WGS) of foodborne pathogens is a tool that has been used by
different public health and regulatory agencies in developed nations for over a decade. In the
United States, government agencies like the CDC, USDA-FSIS, and FDA, and National
Antimicrobial Resistance Monitoring System (NARMS) utilizes WGS to understand a foodborne
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pathogen at the genome level, identify the source of a foodborne outbreak, and eventually reduce
the incidence of illnesses and deaths that result from foodborne infection (CDC, 2019c;
Jagadeesan et al., 2019). WGS works by revealing the complete genetic make-up of a pathogen,
which allows for identifying any differences that exist both within and between species (FDA,
2018). This tool has been used to study and characterize the genome of common foodborne
bacteria, including Listeria monocytogenes, Salmonella enterica, Campylobacter jejuni,
Campylobacter coli, and Escherichia coli (Chen et al., 2013; Taylor et al., 2015; Dutta et al.,
2016; Rantsiou et al., 2018; Rumore et al., 2018; Hurley et al., 2019). The steps involved in
using WGS for an organism includes obtaining a pure culture of the organism, extracting the
DNA, amplification and library preparation, DNA sequencing, alignment, data analysis, and data
interpretation (Rantsiou et al., 2018). There are several advantages to using WGS for foodborne
pathogen surveillance. The CDC, along with other government regulatory agencies, started the
routing application of WGS as a tool for foodborne surveillance in 2013 on Listeria
monocytogenes isolates. This is because Listeria has a relatively small genome (approximately 3
Mb) and causes several foodborne outbreaks each year in the United States (Rantsiou et al.,
2018; Brown et al., 2019). The FDA utilizes WGS to identify pathogens from food or
environmental sources and by comparing the identified pathogen with clinical isolates from
foodborne outbreak patients to find a link and determine if the pathogen is the source of the
outbreak (FDA, 2018).
In the food industry, WGS is has been adopted to improve food safety by monitoring the
production and processing environments. The use of WGS in the food processing environment
may reveal the hygienic state of the plant and potential contamination route (Rantsiou et al.,
2018). This could eventually help the industry identify areas within the processing steps where
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control measures are to be employed to maximize reduction in foodborne pathogens. Currently,
the drawbacks to using WGS in the food industry compared to regulatory agencies are high cost,
turnaround time, and expertise for data interpretation and utilization (Wiedmann, 2015). These
drawbacks could be alleviated if a food company is testing large numbers of isolates at a time,
which will make WGS cost effective for the company (Rantsiou et al., 2018).
Researchers have been able to use WGS to extensively study Listeria isolates from food
sources and relate the isolates to foodborne outbreaks. While studies have showed the impact of
WGS in characterizing Salmonella isolates based on antimicrobial resistance and virulence, there
is less information regarding its use in the surveillance of Campylobacter in foodborne outbreaks
(Rantsiou et al., 2018). WGS could also be useful in research to evaluate the differences in
phenotypic and genotypic expression in foodborne pathogens, and perhaps predict future
phenotypic expressions. Thomas et al., (2017) used WGS to report the presence of virulence
genes in many Salmonella isolates form wildlife. In another study, WGS was used to predict
phenotypic resistance in different Salmonella strains from bovine and human sources. The
authors found a correlation between the antibiotic resistance genotype and phenotype with 97.2%
sensitivity and 85.2% specificity (Carroll et al., 2017).
In conclusion, WGS could be a beneficial tool for the food industry to understand
foodborne pathogens that persist in processing facilities and predict the phenotypic expressions,
such as resistance to antimicrobials (chlorine, QACs, and PAA), biofilm formation, and
antibiotics in the pathogens. Having the genome information could eventually help to determine
effective control measures for pathogenic microorganisms that impact food safety.
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CHAPTER III
PREVALENCE OF SALMONELLA ENTERICA ON POULTRY
PROCESSING EQUIPMENT AFTER COMPLETION OF
SANITIZATION PROCEDURES
Abstract
Salmonella is a poultry-borne pathogen that causes illness throughout the world.
Consequently, it is critical to control Salmonella during the process of converting broilers to
poultry meat. Sanitization of a poultry processing facility, including processing equipment, is a
crucial control measure that is utilized by poultry integrators. However, prevalence of
Salmonella on equipment after sanitization and its potential risk to food safety has not been
evaluated thoroughly. Therefore, the objective of this study was to evaluate the persistence of
Salmonella on poultry processing equipment before and following cleaning and sanitization
procedure. A total of 15 locations within 6 commercial processing plants were sampled at 3 time
points: (A) after processing; (B) after cleaning; and (C) after sanitization; on 3 separate visits for
a total of 135 samples per plant. Salmonella-positive isolates were recovered from samples using
the USDA MLG 4.09 conventional method. Presumptive Salmonella colonies were subjected to
biochemical tests for confirmation. Salmonella isolates recovered after sanitization were
serotyped and tested for the presence of specific virulence genes. A completely randomized
design with a 6 x 3 x 15 factorial arrangement was utilized to analyze the results for Salmonella
prevalence between processing plants. Means were separated using Fishers protected LSD when
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P ≤ 0.05. For Salmonella prevalence between processing plants, differences (p<0.0001) were
observed in the 6 plants tested where the maximum and minimum prevalence was 29.6% and
7.4%, respectively. As expected, there was a difference (p<0.0001) in the recovery of Salmonella
due to sampling time. Salmonella prevalence at time A (36%) was significantly higher, while
there was no difference between time B (12%) and C (9%). There was a location effect
(p<0.0001) for the prevalence of Salmonella with the head puller, picker, cropper, and scalder
having a significantly higher prevalence when compared to several other locations. At sampling
time C, a trend towards a difference (p=0.0899) was observed for Salmonella prevalence
between the 6 plants while significant differences were observed due to location (p=0.0031).
Five prominent Salmonella enterica serovars were identified, including Kentucky,
Schwarzengrund, Enteritidis, Liverpool and Typhimurium with S. Kentucky being the most
prevalent. PCR analysis of eight Salmonella virulence genes showed that the invA, sipB, spiA,
sseC, and fimA were detected in all isolates, while genes carried on plasmids and/or fimbriae
varied remarkably among all isolates. This study established Salmonella prevalence and
persistence in poultry processing facilities after antimicrobial application through sanitization
procedures which could result in contamination of poultry carcasses and food safety risks due to
poultry meat.
Key words: Salmonella, prevalence, sanitization, poultry processing, virulence
Introduction
Poultry integrators in the United States are continually working towards producing safe
poultry meat (NCC, 2020). To achieve this goal, it is critical for integrators to follow regulatory
programs and procedures that are directed at controlling foodborne pathogens during broiler
processing (Simmons et al., 2003; McKee, 2012; NCC, 2020). Foodborne infections remain a
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public health challenge in the United States. In 2018, the Foodborne Diseases Active
Surveillance Network (FoodNet) of the CDC identified over 25,000 infections and
approximately 6,000 hospitalizations due to foodborne pathogens (CDC, 2018). Salmonella
infections was reported as the second most common foodborne infection accounting for 9,084
infections at a rate of 18.3 cases per 100,000 people (Tack et al., 2019). Additionally, Salmonella
infections caused the most hospitalizations and deaths in the same year with the top three
Salmonella serotypes causing salmonellosis being Enteritidis, Newport, and Typhimurium. The
Food Safety and Inspection Service (FSIS) of the USDA also identified Salmonella in 3.7% of
all the chicken carcasses sampled under the HACCP verification program in 2014, and the top
two serotypes identified were Kentucky and Enteritidis (USDA-FSIS, 2016). Salmonella control
during the processing of poultry meat is crucial. Among all food commodities, chicken causes
the most Salmonella outbreak-associated illnesses, hospitalizations, and deaths than any other
food (CDC, 2016). Moreover, per capita consumption of broiler meat has continued to increase
for the past two decades and is expected to continue to increase in the future (NCC, 2019).
Efficient cleaning and sanitization procedures are part of the plant operating procedures
that are intended to control foodborne pathogens, including Salmonella and Campylobacter in
poultry processing facilities (Olsen et al., 2003; Potter et al., 2012; Lebron, 2013). Poultry
processing facilities clean and sanitize their plant and equipment after processing meat to
produce safe, wholesome products and to eliminate any pathogenic microorganisms that may be
present. However, some microorganisms are able to adhere to food processing equipment and
remain active after cleaning and sanitization (Chmielewski and Frank, 2003; Carpentier, 2011;
Fagerlund et al., 2017). The persistence of such pathogenic microorganisms on the equipment
surface could result in cross-contamination of a pathogen-free flock during processing
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(Rasschaert et al., 2008). Antimicrobial application or sanitization is a step conducted after the
cleaning process. Sanitizers such as sodium hypochlorite, quaternary ammonium compounds,
and hydrogen peroxides are among the antimicrobial agents approved by the USDA for the
disinfection of poultry carcasses as well as for the sanitization of poultry processing equipment
and inside the facility (USDA-FSIS, 2017a). The potency of these sanitizing agents is essential
for microbial inactivation during the cleaning and sanitization procedure. The efficacy of
different antimicrobial agents at inactivating foodborne pathogens like Salmonella during poultry
processing and on retail poultry meat has been established (Firildak et al., 2015; Kim et al., 2017;
Li et al., 2017; Moore et al., 2017; Zhang et al., 2019). Others have reported the ability of
sanitizers like chlorine to reduce foodborne pathogens on different food-contact surfaces
encountered in food processing plants (Shen et al., 2012; Schlisselberg and Yaron, 2013; Smith
et al., 2015).
Recovery of Salmonella from poultry transport equipment, the slaughterhouse, and the
processing environment has been documented, but minimal information is available about its
recovery from poultry processing equipment after antimicrobial application (Simmons et al.,
2003; Lestari et al., 2009; Khan et al., 2018; Reiter et al., 2007; Mezal et al., 2014). A study
conducted in France recovered Campylobacter jejuni from the picker and eviscerator before
cleaning and disinfection, and this pathogen persisted on the equipment and was recovered again
after the disinfection procedure (Peyrat et al., 2008). Similarly, several Salmonella serotypes
were recovered from processing equipment of Malaysian wet markets and a small-scale
processing plant (Nidaullah et al., 2017). The persistence and prevalence of Salmonella on
poultry processing equipment, highlighted in Fig. 1, not only after poultry meat processing but
also after cleaning and sanitizing the processing equipment has not been well documented in the
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United States. The equipment could be indirectly contaminated with pathogens that reside in the
gut of live birds and cross-contaminate poultry meat if improperly cleaned. Hence, it is
imperative to understand the extent to which Salmonella persist in the poultry processing
environment, as this knowledge could improve the effectiveness of current Salmonella control
measures. In the current study, the prevalence of Salmonella in the poultry processing
environment, and its persistence on processing equipment after the cleaning and sanitization
procedures within different poultry processing plants is reported. The recovered isolates were
further identified by serotyping and characterized based on virulence genes.
Materials and Methods
Experimental design
Six different poultry processing plants (designated 1, 2, 3, 4, 5, and 6) belonging to three
poultry integrators in the southern region of the U.S. were visited from January 2018 to January
2019. Each plant has a shift dedicated to thorough cleaning and sanitization and each were
visited for sample collection on three different days. Samples were collected from fifteen
different pieces of equipment (locations) at three different time periods described as A – after
processing, B – after cleaning, and C – after sanitization. A total of 135 samples were collected
at each plant, making 45 samples per time period. The processing equipment sampled are
highlighted in Figure 3.1.
Sample collection
Swab samples of poultry processing equipment were collected using 3M™ sponge-stick
with 10 ml buffered peptone water or neutralizing broth (SSL10NB, 3M Co. St. Paul MN, USA).
The surface of each piece of equipment from Fig. 1 was sampled three times. Each piece of
99

equipment was swabbed horizontally by covering a surface area of about 13 cm2 for 30 seconds,
and the same spot was swabbed three times as described above. Each sample was immediately
placed in a cooler with ice packs. All samples were immediately transported in a cooler
containing ice and analyzed immediately upon reaching the lab at Mississippi State University.
Identification of isolates
Media was purchased from Fisher Scientific, Hampton NH, USA unless otherwise
specified. Detection and isolation of Salmonella from samples was carried out following the
USDA MLG 4.09 conventional method (USDA, 2017b). Each sample was pre-enriched in 50 ml
of buffered peptone water (BPW, BD218105) and incubated at 37°C for 20 – 24 h. After preenrichment, an aliquot of 100µl and 500 µl was transferred into 10ml of modified rappaport
vassiliadis (mRV, CM0910B) and tetrathionate broth (TT Hajna, BD249120) respectively and
incubated at 42°C for 22 - 24 h. One loop full of culture in mRV and TT was subsequently
streaked, in duplicate, onto brilliant green sulfa (BGS, BD271710) and xylose lysine tergitol™ 4
(XLT4, BD223420) agar. The agar plates were incubated at 37°C for 18 – 24 h. Afterwards,
presumptive Salmonella colonies were selected for biochemical testing by inoculating into triple
sugar iron (TSI, BD226540) and lysine iron agar (LIA, BD211363) slants in tandem. The
positive Salmonella isolates that were recovered from the slants at time period C (post
sanitization) were sent to the National Veterinary Service Laboratory (NVSL, Ames, IA) for
serotyping and used for all subsequent analysis.
Isolate collection and preservation
Following identification of the isolates recovered after sanitization, a loop of culture from
Salmonella-positive TSI slant was streaked onto XLT4 plates and incubated at 37°C for 24 h. A
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distinct Salmonella colony was picked from the XLT4 plate and streaked onto tryptic soy agar
(TSA, BD236950) and incubated. Afterwards, cells were harvested and preserved in cryotubes
containing a 20% glycerol solution (G33500, Fisher Scientific, Hampton, NH) and stored at 80°C.
DNA extraction
For extraction of Salmonella DNA, isolates recovered after sanitization were streaked
from the cryotubes onto TSA plates. Following incubation, colonies from each plate were
inoculated into 10 ml tryptic soy broth (TSB, BD211825) and incubated at 37°C for 24 h. After
incubation, 2 ml of the culture was transferred to a microcentrifuge tube and centrifuged at 5000
x g for 3 min followed by removing the supernatant from the pellet. This process was continued
until all 10 ml of the culture was centrifuged. The pellets were resuspended twice in 2 ml
phosphate buffered saline (PBS, J75889AE). The DNA was extracted from the pellet using the
QIAamp DNA mini kit (51304, Qiagen, Hilden, Germany) and analyzed for quantity and purity
using a Nanodrop one UV-VIS spectrophotometer (Thermo Fisher Scientific, Waltham, MA)
with a 260/280 nm ratio of 1.8 to 2.0 purity standard.
PCR detection of Salmonella virulence-related genes
Eight genes attributed to virulence in Salmonella were selected. Four of the genes (invA,
sipA, spiA and sseC) are located within the Salmonella pathogenicity islands (SPIs) 1 and 2,
three targets (spvB, spvC, and pefA) are found on the Salmonella virulence plasmid (pSLT), and
one gene (fimA) encodes Type 1 fimbriae of Salmonella (Fàbrega and Vila, 2013; Suez et al.,
2013).
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After DNA extraction from each isolate, the presence of the virulence genes was
determined using a PCR technique previously described by Oliveira et al., (2002). DNA from
reference strains of S. Typhimurium ATCC 14028, S. Enteritidis ATCC 4931, and S. Heidelberg
ATCC 8326 were included. All primers that were to detect virulence genes are listed in Table
3.1. For each virulence gene, amplification took place in a 25 µl reaction containing 12.5 µl 2x
Promega GoTaq® master mix (M7122, Promega, Madison, WI), 0.5 µl each (10 µM) F/R
primers, 10.5 µl nuclease-free water and 1 µl (80 – 120 ng) of DNA template. PCR was carried
out in a Eppendorf EP gradient master cycler (Eppendorf Biotech Company, Hamburg,
Germany) using the following cycling conditions: Initial denaturation at 98°C for 3 min,
followed by 40 cycles of denaturation at 98°C for 30 sec, annealing at 55°C for 30 sec, and
extension at 72°C for 30 sec, with a final extension at 72°C for 5 min. Gel electrophoresis of
PCR products was carried out on 2% agarose gel (A201100, GoldBio, St. Louis, MO) containing
SYBR safe DNA gel stain (Invitrogen S33102, Fisher Scientific, Hampton, NH) for visualization
and a 100 bp DNA ladder (D001500, GoldBio, St. Louis, MO) as a marker.
Statistical analysis
Differences in Salmonella prevalence on equipment amongst plants over time were
determined by Analysis of Variance (ANOVA) in the General Linear Model (GLM) using SAS
software v 9.4 (SAS Institute, Cary, NC, USA; Steel and Torrie, 1980). A 6 (plants) x 3 (time
period) x 15 (locations) factorial arrangement of treatments in a completely randomized design
was used to determine the effect of plant, time, and location on Salmonella prevalence. When
significant differences (P ≤ 0.05) were observed, Fisher’s protected Least Significant Difference
Test (P ≤ 0.05) was used to separate the means.
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Results
Prevalence of Salmonella on poultry processing equipment due to plants
Prevalence of Salmonella on poultry processing equipment among the 6 poultry
processing plants based on overall sampling times was compared (Table 3.2). Overall, plants 1,
2, and 4 from integrators 1 and 2 had higher prevalence (P < 0.001) of Salmonella on their
processing equipment when compared to plants 5 and 6 from integrator 3. When looking at
prevalence within an integrator, there was no significant difference (P = 0.22) in Salmonella
prevalence on equipment between plants 1 and 2 within integrator 1. Similarly, no differences
were observed (P = 0.76) in prevalence between plants 5 and 6 within integrator 3, however,
plant 5 had the lowest prevalence compared to all the plants sampled. In contrast, Salmonella
prevalence differed (P = 0.03) on the processing equipment of plants 3 and 4 within integrator 2.
Prevalence of Salmonella on poultry processing equipment due to time
Salmonella prevalence was higher (P < 0.001) on the equipment at the end of the day’s
processing (time period A, 36%) compared to after the cleaning procedure, which included
scrubbing and washing with detergent (time period B, 12%). In contrast, there were no
differences (P = 0.39) in prevalence between time periods B and C (9%), which was after
sanitization (Table 3.3).
Prevalence of Salmonella on poultry processing equipment due to location
Salmonella prevalence differed (P < 0.0001) among the equipment (locations) that was
sampled in this study (Table 3.4). Salmonella was observed to persist more on some of the first
processing equipment on the kill line, including the head puller, picker, and scalder when
compared to others on the evisceration line, like eviscerator in all the processing plants.
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Prevalence was similar (P > 0.05) on most of the second processing equipment amongst all
plants.
Persistence of Salmonella on processing equipment after sanitization due to plant and
location
After antimicrobial application (sanitization), there was a trend (P = 0.09) where less
Salmonella could be recovered from processing equipment (Table 3.5). For persistence of
Salmonella on the equipment due to plants, there were no significant differences in prevalence
between plants 1 and 2 (P = 0.76), which are managed by integrator 1, plants 3 and 4 (P = 0.76)
managed by integrator 2, and plant 5 and 6 (P = 0.76) managed by integrator 3. However, plants
3 and 4 had the highest percent prevalence compared to the other plants. Integrator 3 had the
lowest percent prevalence when compared to integrators 1 and 2. Moreover, Salmonella was
recovered from all the processing plants after sanitization except plant 6 where there was no
Salmonella found on the equipment. When looking at the persistence of Salmonella on the
equipment (location) after sanitization, recovery of Salmonella was observed to be significantly
higher (P = 0.0002) on first processing equipment including the cropper, scalder, picker, and
head puller when compared to several other types of equipment (Table 3.6). There were no
differences (P = 0.62) in prevalence between the cropper and scalder, picker, and head puller.
However, significant differences (P = 0.05) were observed when the cropper was compared to
the debone belt and leg quarter hopper, which belong to the second processing equipment, and
were the only second processing equipment where Salmonella persisted.
Serotypes of isolates recovered from processing equipment after sanitization
A total of 25 Salmonella isolates were recovered from various pieces of equipment from
different processing plants after the sanitization (time period C) procedure. The various
104

Salmonella serovars isolated are listed in Table 3.7. The recovered isolates belonged to five
distinct Salmonella serovars. The most prevalent serovar isolated was Salmonella Kentucky (n =
12, 48%) followed by Salmonella Schwarzengrund (n = 5, 20%). Four isolates were identified as
Salmonella Enteritidis (16%), three were Liverpool (12%), and only one (4%) was Salmonella
Typhimurium.
Virulence of Salmonella isolates recovered from processing equipment after sanitization
All the isolates that were recovered after sanitization were further characterized by
examining 8 virulence genes in Salmonella. At least four virulence genes (invA, sipB, spiA, and
sseC) found within SPIs 1 and 2, and one related to fimbriae (fimA) were detected in all 25
Salmonella isolates (Table 3.8). Detection of the genes located on Salmonella virulence plasmid
(pSLT) varied amongst the isolates. Among the genes carried on the plasmid, spvB (23/25) and
pefA (24/25) were detected more frequently from the isolates spvC (9/25) was detected less
frequently (Table 3.8).
Discussion
Overall prevalence of Salmonella by plants, time periods, and location
For several years, non-typhoidal Salmonella has remained a pathogen of importance to
public health because it causes gastroenteritis in both developed and developing countries.
Majowicz et al., (2010), estimated the global burden of Salmonella infection, gastroenteritis that
were foodborne to be 80.3 million cases each year. According to the CDC, consumption of
contaminated chicken meat is still a significant source of Salmonella infection in the United
States (CDC, 2016). In other parts of the world where chicken meat is readily available,
Salmonella contamination has been reported to cause illnesses and deaths (Barua et al., 2014;
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Nidaullah et al., 2017). Contamination can occur during different stages of poultry processing,
including through the improper cleaning of processing equipment (Olsen et al., 2003; Lestari et
al., 2009). Although Salmonella prevalence in raw chicken meat has been reported, this study
presents the persistence of Salmonella on processing equipment after chickens have been
processed through the cleaning and sanitization process.
In the present study, the presence of Salmonella on processing equipment of different
poultry processing plants was tracked, and Salmonella was recovered from all the processing
plants sampled. Many factors may have contributed to the recovery of Salmonella from the
plants that were sampled. These include the antimicrobial that was used, the cleaning procedure,
and the attachment of Salmonella to the equipment as biofilms. It has been previously suggested
that Salmonella could persist in an environment by attaching firmly to abiotic surfaces, thus
rendering antimicrobial applications ineffective (Gram et al., 2006). Although prevalence was
lower in some plants compared to others, the pathogen was recovered from all the plants
immediately after processing. It is expected that there would be a high prevalence of Salmonella
on the equipment after processing chickens (time period A) because, Salmonella is a commensal
pathogen of the gut for many animals including poultry (Cosby et al., 2015). There was a
reduction in the recovery of Salmonella from time periods A to B (after cleaning), but no
significant reduction was observed in prevalence between time periods B and C (after
sanitization). The process of cleaning with detergent, some of which may have low levels of
antimicrobial activity could explain the reduction in bacterial contamination on the equipment
surfaces. The cleaning process in all the plants visited required both physical and chemical
activity. This process involved physical scrubbing of the equipment with a sponge, brush and
chemical detergent. Moreover, the application of sanitizers like chlorine or a quaternary
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ammonium compound on the equipment is presumed to further reduce bacterial contamination. It
is possible that Salmonella have persisted on the equipment surface over time and thus, are able
to tolerate the antimicrobials that are used for sanitization. Previous studies have reported that
Salmonella could acquire tolerance to antimicrobials when exposed to sub-inhibitory
concentrations over time (Condell et al., 2012; Obe et al., 2018). Furthermore, high prevalence of
Salmonella was observed for some of the first processing equipment whereas there was no
change in prevalence for several pieces of second processing equipment. The first processing of
birds including evisceration, where the eviscerator removes the internal content of the carcass,
which can cause contamination of both the carcass and the equipment with Salmonella (Russell
and Walker, 1997). However, most processing plants use equipment spray with antimicrobial
agents to reduce contamination during poultry processing (Bourassa, 2018).
Prevalence of Salmonella after sanitization (time period C) by plants and location
To determine whether Salmonella persists on the equipment after sanitization, prevalence
at time period C was only analyzed. Salmonella prevalence was considerably higher in plants
managed by integrators 1 and 2 compared to integrator 3, which has at least one plant where
there was no Salmonella recovered from its equipment after sanitization. Similar to overall
prevalence, plants with higher overall prevalence had higher prevalence after sanitization, which
suggests that the antimicrobials that were used may be ineffective or the cleaning procedure
employed by the plant may not be adequate to reduce microbial contamination on the equipment
surfaces. Another possible explanation is that the plants with persistent Salmonella on the
equipment surface had a higher initial bacterial load as seen in overall prevalence at sampling
time period A (after processing). Furthermore, Salmonella was found to persist more on first
processing equipment than several other pieces of equipment. First processing equipment,
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including the head puller, scalder, picker, and cropper that had high prevalence of Salmonella at
the end of processing (A) remained high after sanitization (C). Some of the equipment are
located on the kill side of the processing plant and could easily be contaminated with Salmonella
from a positive flock, and therefore require more rigorous cleaning. Studies have reported
prevalence of Salmonella and Campylobacter on equipment like scalders, pickers, and
eviscerators at the end of processing. However, similar to our findings, Campylobacter has been
recovered from the picker, eviscerator, and conveyor belt before and after antimicrobial
application, while Salmonella was found to be prevalent on the picker after sanitization
(Trampel, 2000; Olsen et al., 2003; Peyrat et al., 2008). Other equipment, especially those used
in the second processing area, had significantly lower prevalence after processing and no bacteria
was recovered from the equipment after sanitization. This may be due to a lower initial bacterial
load coupled with different interventions aimed at reducing Salmonella contamination during
poultry processing. Antimicrobial intervention in the chiller is one of the critical control
measures against Salmonella during poultry processing, but recovery has been reported from
carcasses at the exit chiller (Parveen et al., 2007; Wideman et al., 2016). This could cause
contamination of second processing equipment that have been thoroughly cleaned and sanitized.
Also, of all the equipment sampled, the head puller was positive for Salmonella at all the 6
plants. Similarly, debone belt and leg quarter hopper were positive after sanitization. A possible
explanation is that the equipment may be hard to reach for thorough cleaning and may therefore
require more attention during the cleaning procedure.
Serotypes of Salmonella isolates recovered after sanitization
There were five distinct Salmonella serovars identified in this study including Kentucky,
Schwarzengrund, Enteritidis, Liverpool, and Typhimurium. S. Enteritidis and S. Typhimurium
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are two of the top three serovars identified in salmonellosis. According to CDC data, the number
of infections caused by S. Enteritidis has increased from 2008-2018, and that the source of the
infections could be traced to poultry and eggs (CDC, 2018). While S. Enteritidis was the most
common serotype identified by USDA-FSIS from poultry establishments over a three-year
period, recovery of S. Typhimurium was reduced in the same establishments over the same 3year period (CDC, 2018). Salmonella Kentucky is the most prevalent serovar identified in this
study, it has emerged as the top serovar identified in live poultry, turkey, and chicken meat
(Lestari et al., 2009; Foley et al., 2011). Furthermore, the USDA data showed S. Kentucky was
the most prevalent serovar from routine testing of chicken samples as part of the HACCP
verification program (USDA-FSIS, 2016). Salmonella Schwarzengrund was the second most
prevalent serovar that was isolated from processing equipment. This serovar is not among the top
ten serovars commonly identified in poultry meat by CDC or USDA but has been implicated in
multistate foodborne outbreaks that resulted in illnesses and hospitalizations (CDC, 2007). In
addition, S. Kentucky and S. Schwarzengrund that have been previously recovered from poultry
products have expressed resistance to multiple antibiotics of clinical importance (Aarestrup et al.,
2007; Lestari et al., 2009). The reduction in the recovery of Typhimurium from poultry and
infection in humans has been linked to vaccination and better production practices (Dórea et al.,
2010). Vaccinating commercial poultry against Typhimurium and Enteritidis could help reduce
the incidence of salmonellosis that is caused by these serovars, but also increase infections
caused by other serovars like Kentucky and Schwarzengrund to which vaccines have not been
developed (Foley et al., 2011). Therefore, vaccinating poultry against emerging strains of
Salmonella implicated in salmonellosis may help to further control Salmonella contamination in
poultry meat.
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Virulence of Salmonella isolates recovered after sanitization
The ability of Salmonella to cause infection in humans has been extensively studied using
S. Typhimurium. In this study, to determine the extent to which the recovered isolates could
cause infection, the presence of virulence genes implicated in colonization by S. Typhimurium
were examined. These genes are located within the Salmonella pathogenicity islands (SPI 1 & 2),
virulence plasmid (pSLT), and the fimbrial subunit. Their functions include host recognition and
invasion, survival and replication within the epithelial cells, inhibition of inflammatory response
and actin polymerization, and adhesion to specific epithelial cells (Fàbrega and Vila, 2013;
Mezal et al., 2014). Many of the genes tested with the exception of the one found in the plasmid
were detected in the recovered isolates. This observation is in agreement with other studies,
where similar genes associated with multiple Salmonella strains that were isolated from poultry
houses, chicken samples and clinical samples were compared, with similarities found in their
virulence. In fact, the poultry and clinical isolates shared virulence genotypes, which suggests
that the poultry isolates can cause infection in humans (Diarra et al., 2014; Mezal et al., 2014;
Yang et al., 2016; Rauch et al., 2018). Similarly, the findings in this study suggest that if the
recovered isolates were to contaminate chicken meat, and safe food handling practices were not
followed, salmonellosis could occur. Notably, all the recovered S. Kentucky carried at least one
virulence plasmid gene, even though S. Kentucky is not the most reported serovar in Salmonella
infection. Salmonella virulence plasmids have been suggested to play a pivotal role in
Salmonella infection (Guiney et al., 1995; Yang et al., 2016). Barua et al., (2014) found
similarities in the PFGE profile of S. Kentucky from poultry and human sources. Likewise,
Rauch et al., (2018) observed the same Salmonella Kentucky sequence types (KSTs) in isolates
from chicken meat and clinical samples. Additionally, studies have found that Salmonella
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isolates carrying the virulence plasmid, possess resistance to multiple antibiotics, which could
make treatment with clinically important antibiotics challenging (Barua et al., 2014; Yang et al.,
2016).
Conclusion
In conclusion, contaminated processing equipment could serve as a potential source of
cross-contamination of poultry carcasses during poultry processing since pathogens are able to
survive the cleaning and sanitization procedure, thus causing food safety risks (Peyrat et al.,
2008; Perez-Arnedo and Gonzalez-Fandos, 2019). It is critical to mention that all the processing
plants that were visited in this study dedicated substantial time to the cleaning and sanitization
procedure of the equipment and facility between the end of the shift and the next processing, but
more effort may be required to address Salmonella contamination during poultry processing. The
prevalence of S. Kentucky observed in this study is worth further exploration since virulence
genes previously identified in S. Typhimurium and S. Enteritidis infection were detected. Also,
further examination of antibiotic resistance profiles of the recovered isolates would be
noteworthy.
A drawback observed in this study is the lack of data on the prevalence of Salmonella in
the flocks processed at each of the plant sampled. This information could help to link the
serovars of Salmonella recovered at each plant to the flock processed and reveal whether the
serovars have been persisting on the equipment from a previous flock or processing day. The
conclusions in this study could also be better supported by tracking prevalence of Salmonella on
the equipment to the chickens processed by the plant at retail level. Regardless, this study fills
some gaps in knowledge regarding the efficiency of the cleaning and sanitization procedure to
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reduce Salmonella contamination. This information could further be utilized to determine the
mechanism by which the recovered isolates persist in the processing environment.
Table 3.1

List of primers used in this study.

Target Primers Sequence
gene
invA
invA-F GTGAAATTATCGCCACGTTCGGGCAA

sipB

spiA

sseC

spvB

invA-R

TCATCGCACCGTCAAAGGAACC

sipB-F

GGACGCCGCCCGGGAAAAACTCTC

sipB-R

ACACTCCCGTCGCCGCCTTCACAA

spiA-F

CCAGGGGTCGTTAGTGTATTGCGTGAGATG

spiA-R

CGCGTAACAAAGAACCCGTAGTGATGGATT

sseC-F

ATGAATCGAATTCACAGTAA

sseC-R

TTAAGCGCGATAGCCAGCTA

spvB-F

CTATCAGCCCCGCACGGAGAGCAGTTTTTA

Product Reference
size
Rahn et al.,
284
1992

875

Skyberg et al.,
2006

550

Skyberg et al.,
2006

1455

Bhowmick
et al., 2011

717

Tarabees et al.,
2017

571

Chaudhary
et al., 2015

85

Naravaneni
et al., 2005

157

Tarabees et al.,
2017

spvB-R GGAGGAGGCGGTGGCGGTGGCATCATA
spvC

spvC-F

ACTCCTTGCACAACCAAATGCGGA

spvC-R TGTCTTCTGCATTTCGCCACCATCA
fimA

fimA-F

CCTTTCTCCATCGTCCTGAA

fimA-R TGGTGTTATCTGCCTGACCA
pefA

pefA-F

GCGCCGCTCAGCCGAACCAG

pefA-R

GCAGCAGAAGCCCAGGAAACAGTG
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Table 3.2

Overall prevalence of Salmonella on poultry processing equipment of different
processing plants.

Integrator

Plant

Prevalence (%)

1

1

29.6a

2

23.7ab

3

17.8bc

4

28.2a

5

7.4d

6

8.9cd

2

3

Each plant was visited three times. Means with different superscripts indicate significant
differences (p≤0.05). N = 135, SEM = 3.41, P < 0.001.

Table 3.3

Prevalence of Salmonella on poultry processing equipment of different processing
plants over three time periods.

Time

Prevalence (%)

A – Post processing

36.3a

B – Post cleaning

12.2b

C – Post sanitization

9.3b

Means with different superscripts indicate significant differences. N = 270, SEM = 2.41, P <
0.001.
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Table 3.4

Prevalence of Salmonella on poultry processing equipment of different processing
plants.

Location A

Prevalence (%)

Head puller

40.7a

Picker

53.7a

Cropper

44.4a

Scalder

42.6a

First rehang

20.4bc

Eviscerator

24.1b

Debone belt

13.0bcd

Halver

9.3bcd

Leg quarter hopper

9.3bcd

Wing cutter

9.3bcd

Second rehang shackle

7.4cd

Saddle halver

5.6cd

X-ray belt

5.6cd

Hand saw

3.7d

Second rehang table

0d

A

Equipment within each processing plants sampled. Means with different superscripts indicate
significant differences. N = 54, SEM = 5.39, P = 0.001.

114

Table 3.5

Recovery of Salmonella from poultry processing equipment after sanitization due
to processing plants.

Integrator

Plant

Prevalence (%)

1

1

8.9

2

11.1

3

15.6

4

17.8

5

2.2

6

0.0

2

3

Means with different superscripts indicate significant differences. N = 45, SEM = 5.02, P = 0.09.
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Table 3.6

Recovery of Salmonella from poultry processing equipment after sanitization due
to location.

Location A

Prevalence (%)

Cropper

33.3a

Scalder

27.8a

Picker

27.8a

Head puller

27.8a

Debone belt

11.1ab

Leg quarter hopper

11.1ab

X-ray belt

0.0b

Second rehang shackle

0.0b

Second rehang table

0.0b

Wing cutter

0.0b

Saddle halver

0.0b

Halver

0.0b

First rehang

0.0b

Hand saw

0.0b

Eviscerator

0.0b

A

Equipment within each processing plants sampled. Means with different superscripts indicate
significant differences. N = 18, SEM = 7.93, P = 0.0002.
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Table 3.7

Salmonella serovars recovered after sanitization of different processing plants.

Salmonella enterica

Number of isolates

Prevalence (%)

Salmonella Enteritidis

4

16

Salmonella Typhimurium

1

4

Salmonella Schwarzengrund

5

20

Salmonella Kentucky

12

48

Salmonella Liverpool

3

12

Total

25

Table 3.8

Salmonella virulence genes detected in the isolates.

Virulence
genes

Location

No. of Isolates positive
(%)

No of Isolates
negative (%)

invA

SPI-1

25 (100%)

0

25 (100%)

0

25 (100%)

0

25 (100%)

0

23 (92%)

2 (8%)

spvC

9 (36%)

16 (64%)

pefA

24 (96%)

1 (4%)

25 (100%)

0

sipB
spiA

SPI-2

sseC
spvB

fimA

pSLT plasmid

fimbriae
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Figure 3.1

Poultry processing equipment layout with sampling points in asterisk.

The equipment sampled in the processing plants visited in this study.
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CHAPTER IV
MODE OF PERSISTENCE, ANTIBIOTIC RESISTANCE, AND MOLECULAR
CHARACTERIZATION OF SALMONELLA ISOLATES
FROM POULTRY PROCESSING EQUIPMENT
Abstract
Foodborne pathogens, like Salmonella are problematic in food processing environments,
and understanding the means of persistence is critical to develop effective control measures. This
study determined the mode of persistence of Salmonella isolates in the processing environment
and characterized their biofilm production and antimicrobial resistance. Twenty-five Salmonella
isolates were previously recovered from poultry processing equipment after sanitization. The
minimum inhibitory concentration (MIC) of antimicrobials chlorine and quaternary ammonium
compounds (QAC) that were used for sanitization was determined for the isolates using CLSI
guidelines. The biofilm forming ability using the crystal violet assay and antibiotic susceptibility
were determined. The isolates were further characterized based on the genes that were
responsible for biofilm formation and antimicrobial resistance. MIC values between 500 and
1000 ppm (chlorine), or 3 to 25 ppm (QAC), were observed. The isolates possessed strong
(24%), moderate (28%), and weak (48%) biofilm forming ability. All the isolates were multidrug
resistant, 64% exhibited resistance to aminoglycosides and β-lactams. Molecular characterization
showed that the isolates possessed the genes for biofilm formation and antimicrobial resistance.
These results suggest that Salmonella isolates that could be inactivated by the sanitizer, due to
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low tolerance, may remain persistent because of their strong biofilm forming ability and
antibiotic treatment could be challenging.
Key words: Salmonella, biofilm, antibiotic resistance, poultry processing, chlorine, QAC
Introduction
Salmonellosis is the infection caused by Salmonella, which is identified as a threat to the
safety of food in developed nations like the United States as well as developing nations. When
estimating the burden of foodborne illnesses globally, it was determined that about 600 million
people become sick each year (WHO, 2016). In the United States, foodborne illnesses from
known pathogens presents a burden of 14 million cases of illnesses and 60,000 hospitalizations
(Mead et al., 1999). Salmonella infection, which is characterized by an acute onset of fever,
abdominal pain, and diarrhea, is recognized among the top foodborne pathogens that cause the
most hospitalizations and deaths in the U.S. (CDC, 2011). Controlling foodborne pathogens like
Salmonella in food processing is a public health concern, and a critical issue for food safety.
There are several reports on the isolation of different strains of Salmonella from poultry
and the environment (Simmons et al., 2003; Nidaullah et al., 2017). In fact, a recent study
suggest that Salmonella can persist on poultry processing equipment after they have been
cleaned and sanitized (Obe et al., 2019). Because of the incidence of foodborne illnesses and the
burden associated with it, the United States Department of Agriculture (USDA) requires all
poultry processing plants in the United States to have a program that will monitor and control
Salmonella during processing (Simmons et al., 2003). Hazard Analysis and Critical Control
Points (HACCP) plans along with their associated pre-requisite program, including cleaning and
sanitization, targets controlling Salmonella at all the stages of poultry processing to ensure that
products are produced under sanitary conditions (USDA-FSIS, 2019).
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Antimicrobials like chlorine and quaternary ammonium compounds (QAC) are often
used for sanitation of processing equipment in food processing facilities (Wirtanen and Salo,
2004). Many factors contribute to their ineffectiveness, which allows foodborne pathogens to
persist after the sanitization procedure (Krysinski et al., 1992; Davidson and Harrison, 2002).
Some of these factors include incorrect application of antimicrobials, exposure to sublethal
concentrations, temperature abuse, and biofilm formation (Frank, 2001; Dynes et al., 2009;
Alonso-Calleja et al., 2015; Buzón-Duran et al., 2017). The continuous exposure of bacteria to
subinhibitory concentrations of antimicrobials could result in injury rather than death, thus
allowing bacteria to develop tolerance to antimicrobial agents (Wesche et al., 2009). Therefore,
antimicrobial tolerance could be a significant source of Salmonella persistence in processing
plants.
Furthermore, many studies have shown that Salmonella enterica produces biofilms on
different food contact surfaces and removal could be more challenging in comparison to
unattached free cells (Joseph et al., 2001; Scher et al., 2005; Paz-Méndez et al., 2017; Beshiru et
al., 2018). Poultry processing equipment surfaces are mostly plastic and stainless-steel, and
Salmonella can attach to these surfaces to form biofilms. Since a biofilm could be composed of
different bacteria having diverse antimicrobial tolerance and attachment properties, it could be a
means through which several pathogens thrive in a food processing environment. Therefore,
understanding the tolerance level and biofilm forming capabilities of Salmonella isolates from
processing equipment surfaces is essential to the control of Salmonella in poultry meat.
Antibiotic resistance among foodborne pathogens like Salmonella is also a public health
concern. The CDC estimated that there are approximately 2 million people in the United States
that become sick from antibiotic resistant bacteria, and nontyphoidal Salmonella is implicated in
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100,000 drug-resistant infections each year (CDC, 2019a). Studies have also suggested that
biofilm formation and exposing Salmonella cells to sublethal concentrations of antimicrobials
contributes to cross-resistance in the tested strain to different antibiotics (Karatzas et al., 2007;
Molina-González et al., 2014; Youn et al., 2017; Kampf, 2018; Obe et al., 2018a).
In order to survive in the environment, Salmonella enterica expresses, overexpression of
efflux pump genes including acrA and tolC, innate or acquired antimicrobial resistance genes
like oxyR and ydgF, and the presence of genes that allow bacteria to aggregate and form pellicle
(Latasa et al., 2005; Lodeboer et al., 2006; Gadea et al., 2017; Møretrø et al., 2017). The
activities of these genes are not limited to enabling Salmonella to persist in the environment, but
also its adhesion, invasion, and survival within the host leading to infection (Buckley et al.,
2006). Poultry meat plays a major role in the transmission of Salmonella; therefore, it is
imperative to investigate the potential means of Salmonella persistence in the food environment.
To examine the mode of persistence of recovered Salmonella isolates, the following was
determined 1). The tolerance of the persistent strains to two common sanitizers – Chlorine and
QAC, 2). The biofilm forming capabilities of the persistent strains, and 3). The presence of genes
responsible for biofilm formation, resistance to the sanitizers, and resistance to antibiotics of
clinical importance.
Materials and Methods
Salmonella isolates and culture conditions
Media was purchased from Fisher Scientific, Hampton NH, USA unless otherwise
specified. Salmonella enterica strains (Table 4.1) used in this study were recovered from
different poultry processing equipment after sanitization. The strains were stored in tryptic soy
broth (TSB, BD211825) that contained 20% glycerol (G33500) at - 80°C. The working stock
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cultures of the isolates were prepared by inoculating a colony grown on a tryptic soy agar plate
(TSA, BD236950) onto TSA slants and incubating at 37°C for 24 h. The working cultures were
stored at 4°C for up to 4 weeks. The overnight culture of each isolate was obtained by
inoculating a colony from a TSA plate prepared from the working stock into 10 ml TSB, and
incubating in a refrigerated incubator (PR505755R, Fisher Scientific, Hampton NH, USA) at
37°C for 18 - 24 h.
Antimicrobial source
The antimicrobials (chlorine and QAC) that were used were gifted from poultry
processing plants from which the Salmonella isolates were recovered from. The active ingredient
in the chlorine was 12.5% sodium hypochlorite and QAC had 5% each of dimethyl benzyl
ammonium chloride (Alkyl with 60% C14, 30% C16, 5% C12, 5% C18) and dimethyl ethylbenzyl
ammonium chloride (Alkyl with 68% C12, 32% C14). The amount of sodium hypochlorite and
QAC was confirmed using the HACH chlorine test kit pocket colorimeter (No. 5870023, HACH
Company, Loveland, CO) and Hydrion pH and sanitizer test kit (Hydrion QT-10, Micro
Essential Laboratory, Brooklyn, NY), respectively.
Minimum inhibitory concentration (MIC) of antimicrobials
The MIC values of chlorine and QAC were determined using the broth microdilution
method of the Clinical and Laboratory Standards Institute guidelines (CLSI, 2008) in a 96-well
polystyrene microtiter plate (CytoOne CC76827596, USA Scientific, Orlando, FL). One colony
of each isolate and control, obtained from a TSA plate was inoculated in 10 ml TSB, and
incubated at 37°C for 18 to 24 h to obtain a cell count of 109 CFU/ml. Each isolate was
centrifuged (5810R, Eppendorf Biotech Company, Hamburg, Germany) at 5000 rpm for 10 min
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to obtain a cell pellet. The pellet was resuspended into fresh 10 ml TSB and diluted to a working
inoculum of 106 CFU/ml. A volume (200 µl) of the antimicrobial at a predetermined initial
concentration was added to the first well of the 96-well microtiter plates and 100 µl TSB was
added to the remaining wells in the same row. The antimicrobial was double fold diluted by
transferring 100 µl from the first well through the last well and the excess was discarded.
Afterwards, 100 µl of the prepared inoculum (Salmonella isolates) was added to each well
making the final volume in each well 200 µl. Positive control wells that contained 100 µl broth +
100 µl inoculum and negative control of 200 µl broth were included before incubating the plate
at 37°C for 24 h. After incubation, bacterial growth was visibly determined based on turbidity.
The MIC was determined to be the lowest concentration of the antimicrobial that inhibited the
growth of each Salmonella isolate. The experiment was repeated four times for each isolate on
separate days.
Biofilm formation
The ability of each isolate to form biofilms on a plastic surface was determined using the
standard crystal violet assay in a 24-well polystyrene microtiter plate (CytoOne CC76827524,
USA Scientific, Orlando, FL) following a previously modified protocol (Patel and Sharma, 2010;
Obe et al., 2018a). An overnight culture of each isolate was grown in 10 ml TSB and diluted to a
final inoculum of 107 CFU/ml. Two milliliters of the inoculum were transferred into a total of 6
wells and wells with TSB only (non-inoculated broth) serving as a negative control for each
isolate. The 24-well plate was incubated at 25°C for 48 h to allow biofilm formation. After 48 h
of incubation, the inoculum was removed from each well of the plate, and the wells were washed
three times with sterile distilled water to remove all the loosely attached cells. The plate was airdried for 15 min, and 2 ml of a 1% crystal violet (AC447570500, ACROS Organics) solution
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was added to the treated and control wells to fix the attached cells to the plate. The plate was
incubated at room temperature for 20 min, after which the dye was removed from the wells, and
the wells were washed five times with sterile distilled water to remove all dye residue. The plate
was subsequently air-dried for 15 min, and then 2 ml of 95% ethanol (A406P4, Fisher Scientific)
was added to each well to detach the cells into solution. Biofilm formation of each strain in the
wells was measured by taking an optical density (OD600) reading using a micro quant microplate
spectrophotometer (Model ELx800, BioTek Instruments, Winooski, VT). The experiment was
repeated four times for each isolate on separate days. The final biofilm forming ability of each
isolate was analyzed and reported as the OD values minus the OD values of its negative control
(i.e. Final OD600 = average OD isolate – average OD negative control). The strength of biofilms
produced by each isolate was further analyzed by grouping into three categories: 1) weak biofilm
producers had final OD600 values < 0.3, 2) moderate biofilm producers had final OD600 values
between 0.3 and 0.6, and 3) strong biofilm producers had final OD600 > 0.6.
MIC and biofilm formation after prolonged exposure
The change in MIC of QAC was determined for Salmonella isolates that had low
tolerance to the antimicrobial. QAC was chosen because it is the most commonly used
antimicrobial for sanitization. In addition, it was used by 80% of the plants where the Salmonella
isolates were recovered. Briefly, a colony of the selected isolate was inoculated into 10 ml TSB
that contained the lowest MIC of QAC (3.13 ppm) and incubated at 37°C for 24 h. After
incubation, the culture was centrifuged at 5000 rpm for 10 min, and the cell pellet was
resuspended into fresh 10 ml TSB + 3.13 ppm QAC. The culture was diluted to obtain a working
inoculum of 106 CFU/ml, and an aliquot of 100 µl of the prepared inoculum was transferred to
9.9 ml TSB + 3.13 ppm QAC. The transfer was continued in a similar manner for 5 days and
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plated on TSA plates daily for observation. The MIC of QAC against the selected isolates was
determined as previously described after the fifth day of transfer to observe changes in the
tolerance of the isolates to QAC.
Similarly, the isolates that had weak biofilm forming ability after 48 h were allowed to
form biofilm for 96 h at 25°C. The biofilm forming ability of the isolates on a plastic surface
after incubation was determined as previously described using the crystal violet assay in a 24well polystyrene microtiter plate. Assays for both MIC and biofilm were repeated four times for
each isolate on separate days.
Antibiotic susceptibility test
The antibiotic susceptibility profiles of the isolates were determined using the GN3F and
CMV3AGNF format Sensititre plate (Thermo Fisher, Waltham, MA) containing the following
antibiotics that have been tested by the National Antimicrobial Resistance Monitoring System
(NARMS; CDC, 2019b): Amikacin, Amoxicillin/Clavulanic acid, Ampicillin,
Ampicillin/Sulbactam, Azithromycin, Aztreonam, Cefazolin, Cefepime, Cefoxitin,
Cefpodoxime, Ceftazidime, Ceftiofur, Ceftriaxone, Cefuroxime, Cephalothin, Chloramphenicol,
Ciprofloxacin, Ertapenem, Gentamicin, Meropenem, Nalidixic acid, Piperacillin/Tazobactam,
Streptomycin, Sulfisoxazole, Tetracycline, Ticarcillin/Clavulanic acid, Tigecycline, Tobramycin,
Trimethoprim/Sulfamethoxazole. The analysis was performed using a previously developed
broth micro-dilution protocol (Trek Diagnostics, Westlake, OH) utilized by NARMS.
Escherichia coli ATCC 25922 was used as the quality control strain. The resistance of each
isolate to the antibiotics was determined by using the MIC breakpoints established by CLSI and
NARMS (CLSI, 2012).
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Molecular characterization
Salmonella enterica isolates were characterized based on the genes responsible for
biofilm formation (adrA, bapA, csgB, csgD, fimA, and fimH), chlorine and QAC resistance
(arcA, oxyR, soxR, qacE, qacEdelta, qacH, ydgF, mdfA), and antibiotic resistance (blaTEM,
blaPSE, tetA, tetB, aadA, aadB, strA, strB, aac(3)Ⅵa, aph(3’)Ⅰa, dfr1, dfr7, sul2, sul3, catA,
cmlA, mefA, mphB, gyrA, qnrA) using PCR. Genomic DNA was extracted from each isolate
using the QIAamp DNA Mini extraction kit (51304, Qiagen, Hilden, Germany) following the
manufacturer’s instructions. The primer pairs that were used to detect the genes are listed in
Table 4.2, and the classes of the antibiotics tested are listed in Table 4.3. PCR reactions were
carried out as previously described by Obe et al., (2019) in a 25 µl final volume mixture that
contained 1 µl (80 – 120 ng) of DNA template, 10.5 µl nuclease-free water, 12.5 µl 2x Promega
GoTaq® master mix (M7122, Promega, Madison, WI), and 0.5 µl each (10 µM) F/R primers.
DNA amplification was carried out in an Eppendorf EP gradient master cycler (Eppendorf
Biotech Company, Hamburg, Germany) using conditions modified from Oliveira et al., (2002),
which includes initial denaturation at 98°C for 3 min, followed by 40 cycles of denaturation at
98°C for 30 sec, annealing at 55°C for 30 sec, and extension at 72°C for 30 sec, with a final
extension at 72°C for 5 min. All amplification products were visualized (Gel Logic 200 imaging
system, Kodak, Rochester, NY) on a 2% agarose gel (A201100, GoldBio, St. Louis, MO)
containing SYBR safe DNA gel stain (Invitrogen S33102, Fisher Scientific, Hampton, NH).
Statistical analysis
Results were analyzed with a randomized complete block design. Differences in the
tolerance of Salmonella enterica isolates to chlorine and QAC and their biofilm formation was
analyzed using the Analysis of Variance (ANOVA) in the General Linear Model (GLM), SAS
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software v 9.4 (SAS Institute, Cary, NC, USA; Steel and Torrie, 1980). The means were
separated by Fisher’s protected Least Significance Difference test at P ≤ 0.05. A correlation
between QAC and biofilm formation was derived using the correlation procedure of SAS.
Results
MIC of chlorine and QAC against Salmonella isolates
There were differences (P<0.0001) in the tolerance of the Salmonella isolates from
processing equipment to antimicrobials used for sanitization (Table 4.4). The MIC of chlorine
against the recovered Salmonella isolates was between 500 and 1000 ppm. While the majority
(48%) of the isolates had a chlorine MIC of 500 ppm, only 24% of the population showed the
most tolerance to chlorine at a MIC of 1000 ppm. The tolerance of the isolates to QAC was
classified into three groups: MIC values of 3.13 – 6.26 ppm = low tolerant strains, 6.27 – 12.54
ppm = moderate tolerance, and those that falls within 12.55 – 25.10 ppm were the high tolerant
strains. The low and moderate tolerant strains represent 32% each, respectively of the
population; while there was a 4-fold difference in the MIC values of the isolates in the high
tolerance range (36%) when compared to the isolates in the lower MIC range (Table 4.4). The
MIC of the sanitizers against the isolates varied depending on their serotype. The most tolerant
isolates for chlorine were within the serotypes Kentucky and Liverpool. Tolerance to QAC for
isolates within the serotype Schwarzengrund were the same, but varied for isolates within the
serotypes Enteritidis, Kentucky, and Liverpool.
Biofilm forming ability of Salmonella isolates
The ability of Salmonella isolates to attach and form biofilm on a plastic surface of a 24well polystyrene microtiter plate was examined and grouped into three categories as follows:
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Final OD600 < 0.3 = weak biofilm producer, 0.3 – 0.6 = moderate biofilm producer, and > 0.6 =
strong biofilm producer. There were differences (P<0.0001) in the attachment of the isolates to
the surface. While some isolates adhere to the surface firmly, others possessed low adherent
properties (Table 4.5). When the initial OD values of each isolate on the microtiter plate was
reduced by the OD values of its negative control, it was determined that the majority of the
isolates (n = 12, 48%) were weak biofilm producers, the moderate adherent isolates represent
28% (n = 7) of the population while only 6 (24%) of the isolates formed strong attachment to the
plastic surface. The biofilm formation abilities of the isolates were observed to be dependent on
their serotypes as all the strong biofilm producers were within the serotypes Kentucky and
Schwarzengrund with final OD600 values that ranged from 0.61 – 1.46 (Table 4.5). Most of the
isolates within serotype Liverpool were moderate biofilm producers while Enteritidis and
Typhimurium isolates were weak biofilm producing strains.
Correlation between biofilm formation and MIC of QAC against the isolates
A correlation analysis was performed to assess the relationship between the biofilm
forming abilities of the isolates and their tolerance to QAC, the antimicrobial that was most often
utilized for sanitization. A positive correlation (R=0.71) was observed, and the relationship was
approaching significance (P=0.07, Fig. 4.1). The correlation analysis showed that as the MIC of
QAC increases more of the isolates demonstrated moderate to strong biofilm forming ability,
with the exception of a few outliers. These outliers included S. Kentucky 114, which had low
tolerance to QAC but a strong biofilm forming ability and S. Liverpool 122 and 123 that both
had the highest tolerance to QAC but a moderate biofilm forming ability.
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Changes in MIC and biofilm formation of Salmonella isolates after prolonged exposure
To assess whether low tolerant Salmonella isolates could become more tolerant due to
low sanitizer efficacy in the processing environment, some isolates with low MIC values for
QAC were exposed to the lowest MIC value of QAC (3.13 ppm) over a period of 5 consecutive
days. After 5 days of exposure, a 2 to 4-fold change in MIC was observed for the selected
isolates (Table 4.6). The selected isolates were within serotypes Enteritidis, Kentucky, and
Liverpool. Amongst all the isolate with MIC QAC of 6.25 ppm before exposure, Salmonella
Liverpool isolate had the highest increment (3-fold) in MIC compared to Kentucky and
Enteritidis isolates (2-fold). However, the overall highest fold increment in MIC (4-fold) was
observed in a serotype Kentucky isolate that changed from 3.13 ppm before 5 days exposure to
12.5 ppm after prolonged exposure to QAC (Table 4.6).
Similar changes were observed when weak biofilm producing isolates with final OD600
values that ranged from 0.14 to 0.27 were provided additional time for biofilm formation. The
abilities of the selected isolates to form biofilms on the plastic plate changed tremendously with
new final OD600 values between 0.48 and 1.01 (Table 4.7). The isolates were within serotypes
Enteritidis, Kentucky, Liverpool, and Typhimurium. The changes in biofilm formation of the
isolates was dependent on the serotype. All Kentucky and Liverpool isolates changed from weak
to strong biofilm producers, whereas there was variability in the changes in biofilm production of
the Enteritidis strains.
Antibiotic resistance profiles of Salmonella isolates
Antibiotic resistance profiles of the isolates are listed in Table 4.8. Among the 25
recovered isolates, 16 (64%) showed resistance to 6 antibiotics only, including amikacin,
cefazolin, cephalothin, gentamicin, streptomycin, and tobramycin. Seven (28%) additional
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isolates displayed resistance to 7 antibiotics including the ones mentioned above and tetracycline
(Fig. 4.2). These seven isolates were within the serotype Kentucky. The 2 (8%) remaining
isolates were the most resistant, and they were within serotype Liverpool. These two isolates
exhibited resistance to the 6 antibiotics previously mentioned plus 10 additional antibiotics
including ampicillin, amoxicillin/clavulanic acid, ampicillin/sulbactam, azithromycin, cefoxitin,
cefpodoxime, ceftazidime, ceftiofur, ceftriaxone, and cefuroxime (Table 4.8).
Molecular characterization of Salmonella isolates
Genotypic analysis revealed that all Salmonella isolates that were recovered from the
processing environment expressed the genes responsible for biofilm formation and oxidative
stress (Table 4.9). The presence of QAC resistance genes varied amongst the isolates. Of all the
QAC resistant genes tested, only qacH was not detected in any of the isolates. Similarly, there
was variability in the detection of the tested antibiotic resistance genes amongst isolates. The
genes that cause resistance to streptomycin, β-lactam agents, quinolones, and tetracyclines were
detected in at least 92% of the isolates. However, none of the isolates possessed resistance to the
selected genes that causes resistance to gentamycin, other aminoglycosides, chloramphenicol,
macrolides, and folate pathway antagonist agents (Table 4.9)
Discussion
Biocides, which include disinfectants, sanitizers, antiseptics, and preservatives have been
used by the food industry to control pathogenic organisms for many years (Russell, 2003a;
Condell et al., 2012). The composition of these compounds vary, thus providing diverse modes
of action, which make them effective against pathogens (Russell, 2003b; Whitehead et al., 2011).
The use of sanitizers, including chlorine and QAC in the poultry industry has resulted in a
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substantial reduction of Salmonella on poultry meat (Chen et al., 2014; Bourassa, 2018).
Whether these antimicrobial agents are used directly on food products or food contact surfaces
like processing equipment, they should be effective at preventing pathogens from developing
tolerance (Whitehead et al., 2011). However, environmental changes that pathogens encounter
during food processing can result in injury or stress to the organism, which contributes to the
growth and survival of the pathogen in the environment (Begley and Hill, 2015).
MIC of chlorine and QAC against Salmonella isolates
In the present study, different Salmonella enterica strains were recovered from the
surfaces of equipment in different poultry processing plants after sanitizing agents – chlorine or
QAC had been applied. It becomes critical to understand potential means by which these strains
survived the sanitization procedure to persist on the surfaces. Authors have suggested that the
presence of organic load in the food processing environment could lead to reduced efficacy in
antimicrobial agents, thus exposing pathogens to sublethal concentrations of antimicrobials
(CDC, 2008; Araújo et al., 2013; Parra et al., 2018). The tolerance of Salmonella isolates
examined in this study to chlorine is considered high because the USDA’s recommended level of
chlorine for sanitization is 200 ppm, which is between 2.5 and 5-fold lower than the observed
MIC (USDA, 2017). Furthermore, all the isolates with high chlorine tolerance were recovered
from processing plants that used chlorine as their main sanitizer and/or have low levels of
chlorine in their cleaning detergent. Exposing the isolates to subinhibitory levels of chlorine
either due to the presence of organic load or improper application could have selected for
tolerance in the strains.
There was an enormous variation in the tolerance of the isolates to QAC. While some
isolates possessed low tolerance to the antimicrobial, others exhibited high tolerance. The
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majority of the isolates in the moderate tolerance category and all the high tolerant strains were
recovered from processing plants that utilized QAC for sanitization. These results are consistent
with many studies that have reported changes in MIC after Salmonella strains were exposed to
antimicrobial stress. In previous studies, Salmonella enterica serovar Typhimurium and
Heidelberg were observed to change their tolerance to chlorine after repeated passage in
sublethal concentrations (Obe et al., 2018a, 2018b). Mangalappalli-Illathu et al., (2008) also
reported the adaptive response of Salmonella Enteritidis exposed to 1 ppm benzalkonium
chloride (a quaternary ammonium compound) for 6 days consecutively. The authors later
observed a double fold increase in MIC of the exposed strains compared to strains that were not
exposed to the antimicrobial (Mangalappalli-Illathu et al., 2008). Similar findings have been
reported for other foodborne pathogens like Listeria monocytogenes (To et al., 2002; Fox et al.,
2011; Bansal et al., 2018). In fact, Fox et al., (2011) reported that persistent Listeria
monocytogenes isolates within the processing environment exhibited a substantial tolerance to
quaternary ammonium compounds compared to their non-persistent counterpart from the same
environment. In addition, it is possible that the variability observed in the tolerance of the
isolates to chlorine and QAC may be due to serotype. For chlorine, there were no differences in
the MIC values of isolates within serotypes Enteritidis, Typhimurium, and Schwarzengrund,
while differences were observed for serotypes Kentucky and Liverpool. In contrast, the MIC of
QAC varied for isolates within each serotype, with the exception of Schwarzengrund. This may
be explained by the antimicrobial used at the plants where the isolates within each serotype were
recovered. The isolates within serotype Schwarzengrund were recovered from a plant that used
QAC for sanitization, while isolates within serotype Kentucky were recovered from plants that
used either chlorine or QAC. The extent to which the serotype of an isolate influenced its
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persistence in the processing environment is not clear. However, researchers have emphasized
that environmental conditions have a greater impact on bacterial persistence than serotype
(Mangalappalli-Illathu et al., 2008; Bagley and Hill, 2015). Another potential means of bacterial
persistence in the food environment is through attachment to processing surfaces.
Biofilm forming ability of Salmonella isolates
Studies have suggested that the ability of Salmonella enterica strains to produce biofilms
on food processing surfaces constitutes a significant threat to food safety because strains that are
not tolerant to antimicrobial agent and could have been killed may remain persistent when
present in a biofilm matrix (Kim and Wei, 2007; Corcoran et al., 2013). In the present study, all
Salmonella isolates that were acquired from processing equipment were biofilm producers, but
their strength of biofilm production on a plastic surface varied. Other authors have examined the
biofilm formation capabilities of Salmonella strains recovered from food production
environments, including fish, poultry, and beef (Vestby et al., 2009; Ziech et al., 2016; Yin et al.,
2018). Ziech et al., (2016) determined that Salmonella strains isolated from poultry processing
equipment could form biofilms on different plastic surfaces, including polystyrene,
polypropylene, and polyurethane. These are the type of plastic material used for manufacturing
poultry processing equipment. Similar to our study, the authors observed that most of the strains
were weak biofilm producers (Ziech et al., 2016). In contrast, the majority of Salmonella isolates
from beef processing plants were classified as having strong biofilm producing ability at 25°C
incubation temperature (Yin et al., 2018). In the processing environment, a biofilm matrix could
be composed of different bacterial strains with diverse attachment properties, which could
explain why some weak biofilm producing strains were persistent on the surface. In this study,
the strength of biofilms formed by strains recovered from the same processing plant ranged from
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strong to weak adherence, with the exception of four strains that had weak adherent properties
and were recovered from the same plant. Many studies that have evaluated the biofilm forming
properties of Salmonella have used one or two strains. However, this may not be the case in the
processing environment (Arnold and Silvers, 2000). Furthermore, the serotype of Salmonella
was observed to influence the biofilm formation of the strains tested in this study. Similar
observations were reported by other authors, and at least one study showed that the top serotype
that causes infection possessed strong biofilm capabilities (Marin et al., 2009; Yin et al., 2018).
In contrast, the isolates within the top two serotypes commonly implicated in foodborne infection
is the United States (Enteritidis and Typhimurium) were found to be weak biofilm producing
strains in the current study. Also, some isolates within the serotype commonly harbored in
chicken (Kentucky) were strong biofilm producing strains. Results indicate that biofilm
production could be crucial to the survival of pathogens in the environment.
Correlation between biofilm formation and MIC of QAC against the isolates
The positive correlation between biofilm formation and the MIC of QAC observed in this
study suggests that most of the isolates were using both factors as a mode of persistence in the
processing environment. However, it is possible that isolates with low tolerance to QAC, which
could have been inactivated as free-living cells, may remain persistent due to their moderate or
strong biofilm capabilities as observed for the outliers in this study. In addition, the majority of
the weak biofilm producing strains could become persistent due to their ability to moderately
tolerate the antimicrobial agent. It should be noted that biofilm formation has been suggested to
aid in the resistance of pathogens to antimicrobial agents, thus improving the survivability of
pathogenic organisms in the processing environment (Giaouris et al., 2014; Ziech et al., 2016;
Gonzalez et al., 2018). Furthermore, bacteria in biofilms could disperse and colonize other
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surfaces within the processing environment (Rossi et al., 2017). In this case, dispersed bacteria
could have weak attachment to their new surface but their tolerance to antimicrobial inactivation
could be stronger because the pathogens had previously survived stressful conditions in the
environment.
Changes in MIC and biofilm formation of Salmonella isolates after prolonged exposure
Salmonella isolates with low tolerance to QAC expressed moderate to high tolerance
upon repeated exposure to low levels of QAC. A similar trend was observed for weak adherent
isolates after prolonged biofilm formation. Therefore, if Salmonella is allowed to persist on a
processing surface, the pathogen could adapt to the stress of continual exposure to subinhibitory
concentrations of antimicrobial agents, thus contributing to innate or acquired tolerance. These
results are consistent with other reports of stress adaptation of Salmonella to antimicrobials
(Whitehead et al., 2011; Castelijn et al., 2014; Capita et al., 2017). Randal et al., (2007) reported
an increase in the resistance of Salmonella Typhimurium mutants that were exposed 2 x the MIC
of the parent strains to a quaternary ammonium compound disinfectant after only one previous
passage in the MIC of the parent strains. In addition, exposure to chlorine and QAC has been
found to increase biovolume and surface coverage of biofilms of Salmonella enterica strains
(Capita et al., 2019). Results suggest that when a bacterium adheres to a surface and is not
promptly removed through antimicrobial application and thorough cleaning, the bacterium could
adapt to the stress, become more resistant and form stronger attachment; thus, making
inactivation even more strenuous.
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Antibiotic resistance profiles of Salmonella isolates
All isolates showed resistance to multiple antibiotics, with many exhibiting a resistance
to at least two classes of antibiotics, including aminoglycosides and cephalosporins. Resistance
to tetracyclines was conserved within serotype Kentucky, while serotype Liverpool possessed
more resistance compared to all other isolates. Tolerance to chlorine and QACs have been linked
to resistance to some clinically important antibiotics in gram negative bacteria (Karatzas et al.,
2007; Condell et al., 2012; Gadea et al., 2017). Molina-González et al., (2014) reported that the
exposure of Salmonella strains to subinhibitory concentrations of antimicrobials reduced their
susceptibility to antibiotics from different classes. Other authors have also reported the ability of
Salmonella to use cross-protection to become resistant to antibiotics after exposure to
antimicrobials (Braoudaki and Hinton, 2004; Karatzas et al., 2007; Gadea et al., 2017). The
classes of antibiotics the isolates in this study were resistant to include, aminoglycosides, βlactams (penicillins and cephalosporins), macrolides, and tetracyclines. There appears to be a
link between the mechanism of action of the sanitizers (chlorine and QAC) and the antibiotics
tolerated by the isolates. A mechanism of action of the sanitizers that relate to the antibiotics like
β-lactams is the action on the outer membrane and cell wall of bacteria, which results in loss of
permeability and cell death (Schmidt, 1997; McDonnell and Russell, 1999; Altinöz and Altuner,
2019). However, the ability of bacteria to tolerate this action could offer protection against
antibiotics by further preventing antibiotic penetration, thus impeding the binding to the
peptidoglycan layer of the cell wall that leads to inhibition of cell wall synthesis (Munita and
Arias, 2016). Furthermore, the high degree of resistance to aminoglycosides (AMI, GEN, STR,
and TOB) and cephalosporins (AXO, CEP, FAZ, FUR, FOX, POD, TAZ, XNL) observed in this
study is consistent with the findings of Molina-González et al., (2014) who observed a modest
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change in antibiotic susceptibility from either susceptible to intermediate or intermediate to
resistant in different Salmonella strains that were previously exposed to biocides including
chlorine. There was increased resistance to different antibiotics within the aminoglycosides and
cephalosporins classes (Molina-González et al., 2014). Cephalosporins are known to be the
antibiotic of choice in the treatment of foodborne infection for humans, meaning antibiotic
treatment for some of the isolates tested in this study would be burdensome (Miranda et al.,
2009; Switaj et al., 2015).
Molecular characterization of Salmonella isolates
All biofilm forming genes that were tested were detected in all isolates, which correlates
with the phenotypic analysis that all the isolates produced biofilms on a plastic surface. Although
the phenotypic biofilm analysis showed that some isolates formed stronger biofilms compared to
others. Biofilm formation in Salmonella enterica has been described as a unique process that
involves bacteria coming together, adhering to each other, and attaching to a surface. The
aggregates on the surface will further produce extracellular substances that form a matrix that
covers and protects bacteria in a biofilm on the surface (Giaouris et al., 2014). Curli, cellulose,
and biofilm-associated protein are present in the Salmonella biofilm matrix and contributes to the
biofilm forming ability of Salmonella strains (Grestel and Römling, 2003; Latasa et al.,
2005).The biofilm genes tested are attachment related (adrA, csgB, csgD, fimA, and fimH) and
cell-surface protein (bapA) genes, which are all critical for biofilm formation (Latasa et al., 2005;
Fàbrega and Vila, 2013). Yin et al., (2018) also reported the presence of these genes in many
biofilm-producing Salmonella isolates from beef processing plants. However, another report
showed that mutations in genes that are known to be crucial for biofilm formation, including
bapA does not impact the ability of Salmonella to produce biofilms (Jennings et al., 2012). It is
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critical to mention that some of the genes tested are also involved in the attachment and
colonization of host cells, which contributes to the virulence of Salmonella (Fàbrega and Vila,
2013). The differences in the strength of biofilms that are formed by the isolates and the
expression of biofilm forming genes is not yet clear, so further exploration will be noteworthy.
The inappropriate use of antimicrobial agents in the food processing environment could
select for bacterial isolates with acquired resistance to them. Our results showed the presence of
genes conferring resistance to QAC, oxidative stress response, and clinically important
antibiotics in Salmonella isolates from poultry processing equipment surfaces. The detection of
QAC resistance genes varied amongst the isolates, as all the isolates carried more than two of the
resistance genes tested, with the exception of qacH. All the genes tested have been reported to
contribute to the resistance of several quaternary ammonium compounds including
benzalkonium chloride, N-alkyl dimethyl benzyl ammonium chloride, and cetylpyridinium
chloride in different gram negative bacteria isolated from food products (Zou et al., 2014; Jiang
et al., 2017; Fernández Márquez et al., 2017). There was no link observed between the presence
of resistance genes and the tolerance of the isolates to QAC, as isolates without some of the
genes had QAC tolerance that ranged from low to high. Two resistance genes (ydgF and mdfA)
with the highest detection level in the isolates are chromosome-encoded efflux-pump genes,
which have been reported to promote resistance to QAC with the potential of conferring crossresistance to antibiotics (Bay et al., 2009; Zou et al., 2014). On the other hand, qacE, qacEdelta,
and qacH are mobile element encoded genes found on plasmids or integrons like class 1
integrons, which could also harbor antibiotic resistance genes (Jiang et al., 2017). Our results
agree with other reports that showed that ydgF and mdfA are more frequently detected in gram
negative bacteria in comparison to qacE, qacEdelta, and qacH (Zou et al., 2014; Jiang et al.,
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2017). It should be noted that the chromosome encoded and plasmid mediated genes tested in
this study belongs to the major facilitator superfamily and small multidrug resistance
superfamily, respectively, and they confer resistance by transporting antimicrobials out of the
cell (Jaglic and Cervinkova, 2012; Altinöz and Altuner, 2019).
Furthermore, sodium hypochlorite is a reactive chlorine species with very high oxidizing
activity that kills bacteria by attacking the outer membrane (Inatsu et al., 2010). There are several
transcription factors that bacteria use to fight oxidative stress that is caused by sublethal exposure
to chlorine species, including the genes tested in this study (oxyR, soxR, and arcA; Gray et al.,
2013). Although all these genes were present in all isolates, it is unclear if they are being
upregulated due to prior exposure to chlorine or QAC in the processing environment. However,
studies have shown the induction of some of these genes in Salmonella enterica that was preexposed to sodium hypochlorite (Wang et al., 2010; Collao et al., 2012). It is possible that preexposure to sublethal oxidative stress activates these stress response genes, thus contributing to
the tolerance of the isolates to antimicrobial agent.
The isolates showed the presence of genes that conferred resistance to β -lactams,
aminoglycosides, quinolones, and tetracyclines. Among all the genes tested for resistance to
aminoglycosides, streptomycin – strA and strB were the only genes detected, which correlates
with the phenotypic analysis. The isolates were resistant to gentamicin, but the genes tested for
gentamicin resistance were not detected. A possible explanation is that there are several other
genes that confer resistance to gentamicin that were not tested in this study. The presence of βlactam genes in the isolates could explain the observed resistance to penicillins and
cephalosporins. Tetracycline resistance genes were present in the isolates but only 28% were
resistant, meaning the genes were not induced in the rest of the isolates. Several studies have
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suggested that bacteria utilize the efflux pump system to discharge biocides, antibiotics, and
other toxic compounds out of the cell (Russell, 2003b; Bansal et al., 2018; Altinöz and Altuner,
2019). Both the major facilitator superfamily and small multidrug resistance superfamily
mentioned before are types of efflux pump systems known to transport several antibiotics
including aminoglycosides, tetracyclines, fluoroquinolones, macrolides, and chloramphenicol out
of the cell (Altinöz and Altuner, 2019). There was no correlation observed in the resistance of
the isolates to the sanitizers used in the processing environment and antibiotic resistance.
However, studies have suggested that pre-exposure and tolerance to the sanitizers tested in this
study could cause cross-resistance to clinically important antibiotics (Braoudaki and Hinton,
2004; Bansal et al., 2018; Obe et al., 2018a).
Conclusion
In conclusion, this study showed the potential mode of Salmonella enterica persistence in
the food environment, including tolerance to antimicrobials, ability to produce biofilms and
presence of antimicrobial genes. Sanitization of food-contact surfaces may not be efficient in
removing all the foodborne pathogens if only planktonic cells are being targeted. Contamination
of food products could lead to a foodborne infection and finding the right antibiotic treatment
could become a challenge.
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Table 4.1

Salmonella isolates used in this study.

Salmonella isolates A
Identification
103
Salmonella Enteritidis
106
Salmonella Enteritidis
107
Salmonella Enteritidis
108
Salmonella Typhimurium
109
Salmonella Schwarzengrund
110
Salmonella Schwarzengrund
111
Salmonella Schwarzengrund
112
Salmonella Schwarzengrund
113
Salmonella Schwarzengrund
114
Salmonella Kentucky
115
Salmonella Kentucky
116
Salmonella Kentucky
117
Salmonella Kentucky
118
Salmonella Kentucky
119
Salmonella Kentucky
120
Salmonella Enteritidis
121
Salmonella Kentucky
122
Salmonella Liverpool
123
Salmonella Liverpool
124
Salmonella Kentucky
125
Salmonella Kentucky
126
Salmonella Kentucky
127
Salmonella Liverpool
128
Salmonella Kentucky
129
Salmonella Kentucky
A
Number assigned to each isolate after recovery
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Table 4.2
Gene

Genes and primers tested in this study.
Nucleotides sequence

Size (bp)

Biofilm formation
adrA
F-ATGTTCCCAAAAATAATGAATGATG
R-TCATGCCGCCACTTCG
F-GCCATGGTGCTGGAAGGCCTGGCGGTT
bapA

References

1113

Yin et al., 2018

667

Biswas et al.,
2010

456

Yin et al., 2018

651

Yin et al., 2018

85

Naravaneni and
Jamil, 2005

1008

Yin et al., 2018

140

Jiang et al., 2017

194

Jiang et al., 2017

162

Jiang et al., 2017

330

Zou et al., 2014

596

Jiang et al., 2017

Oxidative stress
oxyR
F-AAGGTGCTCAAGGAGATGGC

245

McClelland et al.,
2001

soxR

R-TCGATAAACGCCTCGCTCTC
F-GAAACGTAGCGGTGTTGCTG

256

McClelland et al.,
2001

arcA

R-GTCTAACTCTTCGCGCCACT
F-TTTATACTGCTCGCCGTCCG

258

McClelland et al.,
2001

963

Olesen et al., 2004

870

Chen et al., 2004

372

Logue et al., 2017

csgB
csgD
fimA
fimH

R- GGTCGACGGGAAGGGTAAAATGACCTTC
F-ATGAAAAACAAATTGTTATTTATGATGTT
R-TTAGCGTTGGGTGACGC
F-ATGTTTAATGAAGTCCATAGTAGTCATG
R-TTACCGCCTGAGATTATCGTTT
F-CCTTTCTCCATCGTCCTGAA
R-TGGTGTTATCTGCCTGACCA
F-ATGAAAATATACTCAGCGCTATTGC
R-TTAATCATAATCGACTCGTAGATAGCC

QAC resistance
qacEdelta F-AAGTAATCGCAACATCCG
qacE
qacH
ydgF
mdfA

R-ATAAGCAACACCGACAGG
F-AGCCCCATACCTACAAAG
R-AGCTTGCCCCTTCCGC
F-TTTGGTGAGGTCGTCGCA
R-GCCAGCCCAAACAGCATA
F-TAGGTCTGGCTATTGCTACGG
R-GGTTCACCTCCAGTTCAGGT
F-GTCAGGCGTTACTTTTCC
R-GTCACGACCGAGTTCTTT

R-GTTGCGCTGATGTTCCTGAC
Antibiotic resistance
F-ACCAATGCTTAATCAGTGAG
blaTEM
R-GCGGAACCCCTATTTG
F-TGGCCGTTGCCGTTATCTAC
blaCMY
R-CCCGTTTTATGCACCCATGA
tetA
F-CGGGGCGACTGGGGCGGTAGC
R-CAAAGCGCGGCCGGCACCTGT
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Table 4.2 (continued)
Gene
tetB
aadA
aadB
strA
strB
aac(3)Ⅵa
aph(3’)Ⅰa
dfr1
dfr7
sul2

Nucleotides sequence
F-AACGCGTGAAGTGGTTCGGTTGGT
R-TTCGCCCCATTTAGTGGCTATTCTTC
F-TAACGGCGCAGTGGCGGTTTTCA
R-AAGCTCGCCGCGTTGTTTCATCAAG
F-CTAGCTGCGGCAGATGAGC
R-CTCAGCCGCCTCTGGGCA
F-CCAATCGCAGATAGAAGGC
R-CTTGGTGATAACGGCAATTC
F-GCGGACACCTTTTCCAGCCT
R-TCCGCCATCTGTGCAATGCG
F-GGCACCCGCGACGCCCTGGTCCAAAAG
R-GGGCCCGGCGCCGATCGACAGGATTT
F-TCGGGCAATCAGGTGCGACAATCTA
R-TGCCAGCGCATCAACAATATTTTCACC
F-ATCGGGAATGGCCCTGATA
R-CTTCCGGCTCGATGTCTATTGTAG
F-TCTTTAAAGCGCTCACATATAATCAGTG
R-ATTTGACCGCCACCAGAGACA
F-GCGCAGGCGCGTAAGCTGAT

mefA

R-CGAAGCGCAGCCGCAATTC
F-ATGAGCAAGATTTTTGGAATCGTAA
R-CTAACCTAGGGCTTTGGTATTT
F-CCAGACCGTTCAGCTGGATA
R-CATCAGCACCTTGTCGCCT
F-TGGACCGCTATCGGACCG
R-CGCAAGACACTTGGGCTGC
F-AGTATCATTAATCACTAGTGC

mphB

R-TTCTTCTGGTACTAAAAGTGG
F-GATATTAAACAAGTAATCAGAATAG

sul3
catA
cmlA

gyrA
qnrA

R-GCTCTTACTGCATCCATACG
F-ATGAGCGACCTTGCGAGAGAAATTACACCG
R-TTCCATCAGCCCTTCAATGCTGATGTCTTC
F-ATTTCTCACGCCAGGATTTG
R-GATCGGCAAAGGTTAGGTCA
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Size (bp) References
446 Logue et al., 2017
365

Logue et al., 2017

300

Chuanchuen et al., 2008

548

Olesen et al., 2004

621

Chuanchuen and
Padungtod, 2009

502

Logue et al., 2017

378

Logue et al., 2017

328

Logue et al., 2017

214

Logue et al., 2017

514

Chuanchuen and
Padungtod, 2009

792

Ma et al., 2007

454

Chuanchuen et al., 2008

641

Chuanchuen et al., 2008

345

Phuc Nguyen et al.,
2009

494

Phuc Nguyen et al.,
2009

630

Brown et al.,1996

516

Robicsek et al., 2006

Table 4.3

Classification of antibiotics tested and their mechanism of action.

Antibiotics group
Resistance genes usedA
Mechanism of actionB
Aminoglycosides
aadA, aadB
Protein synthesis inhibitor
Aminoglycosides (Streptomycin) strA, strB
Protein synthesis inhibitor
Aminoglycosides (Gentamicin)
aac(3)Ⅵa, aph(3’)Ⅰa
Protein synthesis inhibitor
β-lactams
blaTEM, blaCMY
Cell wall synthesis inhibitor
Folate pathway antagonist
dfr1, dfr7
Folic acid synthesis inhibitor
(Trimethoprim)
Folate pathway antagonist
sul2, sul3
Folic acid synthesis inhibitor
(Sulfonamides)
Macrolides (Azithromycin)
mefA, mphB
Protein synthesis inhibitor
Phenicols (Chloramphenicol)
catA, cmlA
Protein synthesis inhibitor
Quinolones
gyrA, qnrA
DNA synthesis inhibitor
Tetracyclines
tetA, tetB
Protein synthesis inhibitor
A
B
Resistance gene tested for each antibiotic group. Actions and resistance mechanism of
antibiotics (Kapoor et al., 2017).
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Table 4.4

Minimum Inhibitory Concentration (MIC ± Stdev) of all isolates (ppmA).

Salmonella isolates
103

Serotype
Enteritidis

MIC SHB
500 ± 0b

MIC QACC
11.56 ± 3.3cd

106

Enteritidis

500 ± 0b

11.56 ± 3.3cd

107

Enteritidis

500 ± 0b

13.21 ± 0c

108

Typhimurium

500 ± 0b

9.91 ± 3.8d

109

Schwarzengrund

500 ± 0b

13.21 ± 0c

110

Schwarzengrund

500 ± 0b

13.21 ± 0c

111
112

Schwarzengrund
Schwarzengrund

500 ± 0b
500 ± 0b

13.21 ± 0c
13.21 ± 0c

113

Schwarzengrund

500 ± 0b

13.21 ± 0c

114

Kentucky

1000 ± 0a

6.25 ± 0e

115

Kentucky

875 ± 250a

12.5 ± 0c

116

Kentucky

875 ± 250a

12.5 ± 0c

117

Kentucky

625 ± 250b

12.5 ± 0c

118

Kentucky

500 ± 0b

6.25 ± 0e

119

Kentucky

500 ± 0b

6.25 ± 0e

120

Enteritidis

500 ± 0b

6.25 ± 0e

121

Kentucky

669 ± 289b

12.5 ± 0cd

122

Liverpool

669 ± 289b

25.0 ± 0a

123

Liverpool

669 ± 289b

25.0 ± 0a

124
125

Kentucky
Kentucky

669 ± 289b
1002 ± 0a

16.67 ± 7.22b
3.13 ± f

126

Kentucky

1002 ± 0a

5.21 ± 1.8ef

127

Liverpool

1002 ± 0a

6.25 ± 0e

128

Kentucky

1002 ± 0a

3.13 ± f

129

Kentucky

1000 ± 0a

12.5 ± 0cd

Means with different superscripts indicate statistically significant differences in the MIC of SH
(P < 0.0001; SEM = 68.59) and QAC (P <0.0001; SEM = 0.94). A ppm – parts per million.
B
Sodium hypochlorite – the germicidal agent in chlorine. C Quaternary ammonium compound.
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Table 4.5

Biofilm forming capability of Salmonella isolates.

Salmonella
Serotype
Final biofilm formation Biofilm production
isolates
(OD600)A
ClassificationB
114
Kentucky
1.46a
Strong
113
Schwarzengrund
0.76b
Strong
b
111
Schwarzengrund
0.75
Strong
121
Kentucky
0.67bc
Strong
bc
112
Schwarzengrund
0.66
Strong
124
Kentucky
0.61bcd
Strong
bcd
115
Kentucky
0.59
Moderate
120
Enteritidis
0.50bcde
Moderate
cdef
109
Schwarzengrund
0.42
Moderate
123
Liverpool
0.41cdef
Moderate
118
Kentucky
0.39cdef
Moderate
defg
122
Liverpool
0.36
Moderate
110
Schwarzengrund
0.35defg
Moderate
efg
107
Enteritidis
0.27
Weak
106
Enteritidis
0.26efg
Weak
efg
128
Kentucky
0.25
Weak
116
Kentucky
0.22efg
Weak
efg
127
Liverpool
0.21
Weak
103
Enteritidis
0.21efg
Weak
119
Kentucky
0.19fg
Weak
fg
117
Kentucky
0.18
Weak
125
Kentucky
0.18fg
Weak
fg
129
Kentucky
0.17
Weak
108
Typhimurium
0.16fg
Weak
fg
126
Kentucky
0.14
Weak
Control strain C
Typhimurium
0.12g
Weak
Means with different superscripts indicate statistically significant differences (P < 0.0001; SEM
= 0.10). A Optical density reading at 600nm. B Biofilm production was classified into three
groups based on final OD value for each isolate as: final OD600 < 0.3 = weak biofilm producer,
0.3 – 0.6 = moderate biofilm producer, and > 0.6 = strong biofilm producer. C Control strain =
Salmonella Typhimurium ATCC 14028.
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Table 4.6

Changes in MIC of Salmonella isolates with low MIC values after 5 days exposure
to QAC.

Salmonella
Serotype
MIC before
MIC after
Fold increment
A
B
isolates
exposure
exposure
114
Kentucky
6.25
12.5
2.0
120
Enteritidis
6.25
12.5
2.0
125
Kentucky
3.13
12.5
4.0
126
Kentucky
5.21
12.5
2.4
127
Liverpool
6.25
18.8
3.0
128
Kentucky
3.13
9.38
3.0
A
B
MIC values before 5 days consecutive exposure to 3.13 ppm QAC. New MIC values after 5
days exposure in 3.13 ppm QAC

Table 4.7

Changes in biofilm formation of Salmonella isolates after 96 h.

48 h
Initial groupA
96 h
Final groupB
Biofilm
Biofilm
(OD600)
(OD600)
103
Enteritidis
0.21
Weak
0.48
Moderate
106
Enteritidis
0.26
Weak
0.76
Strong
108
Typhimurium
0.16
Weak
0.43
Moderate
125
Kentucky
0.18
Weak
1.01
Strong
126
Kentucky
0.14
Weak
0.98
Strong
128
Kentucky
0.25
Weak
1.05
Strong
127
Liverpool
0.21
Weak
1.35
Strong
A
Classification of the biofilm forming ability of isolates after 48 h. B Classification of the
biofilm forming ability after 96 h.
Salmonella
isolates

Serotype
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Table 4.8
Salmonella
isolates

Multidrug resistance profiles of Salmonella isolates.
No. of antibiotics = 29
Serotype

103
106
107
108
109
110
111
112
113
114
120
121
124
127
128
129
115
116
117
118
119
125
126
122
123

Enteritidis
Enteritidis
Enteritidis
Typhimurium
Schwarzengrund
Schwarzengrund
Schwarzengrund
Schwarzengrund
Schwarzengrund
Kentucky
Enteritidis
Kentucky
Kentucky
Liverpool
Kentucky
Kentucky
Kentucky
Kentucky
Kentucky
Kentucky
Kentucky
Kentucky
Kentucky
Liverpool
Liverpool

No. of resistant
antibiotics
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
7
7
7
7
7
7
7
16
16

Antibiotic profilesA

No. of
isolates (%)

AMI, FAZ, CEP, GEN,
STR, TOB

16 (64%)

AMI, FAZ, CEP, GEN,
STR, TOB, TET

7 (28%)

AMI, FAZ, CEP, GEN,
STR, TOB, AMC2,
AMP, A/S2, AZT,
FOX, POD, TAZ,
XNL, AXO, FUR

2 (8%)

Antibiotic resistance profiles were determined using Sensititre plates and resistance was
determined using the CLSI MIC breakpoints. A Abbreviations according to the manufacturer:
Amikacin (AMI), Amoxicillin/Clavulanic acid (AMC2), Ampicillin (AMP),
Ampicillin/Sulbactam (A/S2), Azithromycin (AZI), Aztreonam (AZT), Cefazolin (FAZ),
Cefepime (FEP), Cefoxitin (FOX), Cefpodoxime (POD), Ceftazidime (TAZ), Ceftiofur (XNL),
Ceftriaxone (AXO), Cefuroxime (FUR), Cephalothin (CEP), Chloramphenicol (CHL),
Ciprofloxacin (CIP), Ertapenem (ETP), Gentamicin (GEN), Meropenem (MERO), Nalidixic acid
(NAL), Piperacillin/Tazobactam (P/T4), Streptomycin (STR), Sulfisoxazole (FIS), Tetracycline
(TET), Ticarcillin/Clavulanic acid (TIM2), Tigecycline (TGC), Tobramycin (TOB),
Trimethoprim/Sulfamethoxazole (SXT).
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Table 4.9

Molecular characterization of Salmonella isolates.
Genes
Biofilm formation
adrA
bapA
csgB
csgD
fimA
fimH
QAC resistance
qacEdelta
qacE
qacH
ydgF
mdfA
Oxidative stress
arcA
oxyR
soxR
Antibiotic resistance
aadA
aadB
aac(3)Ⅵa
aph(3’)Ⅰa
strA
strB
blaTEM
blaCMY
catA
cmlA
gyrA
qnrA
mefA
mphB
tetA
tetB
dfr1
dfr7
sul2
sul3

No. of isolates positive/Total isolates
25/25
25/25
25/25
25/25
25/25
25/25
17/25
19/25
0/25
25/25
20/25
25/25
25/25
25/25
0/25
0/25
0/25
0/25
25/25
24/25
23/25
24/25
0/25
0/25
25/25
0/25
0/25
0/25
25/25
25/25
0/25
0/25
0/25
0/25
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1.60
114

Biofilm OD600nm

1.40
1.20
1.00

0.80

111; 112;
113
115; 121

0.60

124

118; 120

0.40

122; 123

107; 109;
110
125; 128

0.20

119;
127
126

0.00

0

5

103; 106
116; 117; 129
108

10

15

20

MIC QAC
Figure 4.1

25
P=0.07; R=0.71

30

Correlation of the biofilm formation of all Salmonella isolates and MIC QAC.

The biofilm formation of Salmonella isolates was determined with the crystal violet assay procedure in a 24-well polystyrene microtiter
plate. The plates were incubated at 25°C for 48 h and results were obtained by taking optical density reading at OD600 using a
spectrophotometer. The minimum inhibitory concentration of QAC against the isolates was determined in a 96-well polystyrene microtiter
plate incubated at 37°C for 24 h and results were reported in parts per million (ppm). Data represent the average of four replicate for each
isolate. Correlation analysis showed a positive correlation (R = 0.71) and a trend towards significance (P = 0.07) between biofilm formation
and the MIC of QAC.
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120

% Isolates

100
80
60
40
20
0

Antibiotics

Figure 4.2

Antibiotic resistance profiles of resistant isolates.

The resistance of all Salmonella isolates to 29 antibiotics in different classes of drugs was
determined using Sensititre antimicrobial plates according to the manufacturer. Resistance to
each antibiotic was established with the MIC breakpoints utilized by the CLSI and NARMS.
Data represent antibiotics and the percentage of isolates resistant to each antibiotic.
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CHAPTER V
CHARACTERIZATION OF THREE SALMONELLA ENTERCA ISOLATES
FROM POULTRY PROCESSING EQUIPMENT USING
WHOLE GENOME SEQUENCING
Abstract
Persistent Salmonella strains in the processing environment may have acquired tolerance
to antimicrobials and/or could produce biofilms that cross-contaminate poultry meat during
processing. The objective of this study was to use whole genome sequencing to characterize
persistent Salmonella enterica strains (MS-108, MS-114, MS-122) that were recovered from
processing equipment after sanitization based on antimicrobial resistance and virulence factors.
The strains selected for this study were recovered from different equipment at different poultry
processing plants. Whole genome sequencing of the isolates predicted the closest serovar in the
NCBI (National Center for Biotechnology Information) database for S. enterica MS-108, 114,
and 122 to be Salmonella Enteritidis, Kentucky, and Bergen, respectively. S. enterica MS-114
carried 2 plasmids in its genome. The strains were predicted to carry resistance genes in
seventeen antibiotic drug classes, and the predicted mechanism of resistance was through the
antibiotic efflux pump. Virulence factors (VF) were also identified in the strains, MS-108 with
90 VF, followed by MS-114 with 86 VF, and MS-122 with 82 VF. The identified virulence
genes are responsible for Salmonella adhesion, attachment, aggregation, invasion, and survival
within the host cell. The information obtained from this study correlates with the previously
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observed phenotypic characteristics like the ability to produce biofilms and resistance to
antimicrobials.
Key words: Whole genome sequencing, Salmonella enterica, poultry processing, antibiotic
resistance, biofilm, sanitizer tolerance
Introduction
The incidence of foodborne infection in the United States is a public health challenge,
and Salmonella enterica is among the pathogens that causes these infections. Over a million
people are diagnosed with salmonellosis – the infection caused by Salmonella, each year in the
United States (Scallan et al., 2011). This illness is sometimes characterized by diarrhea, fever,
and abdominal cramps, which occur within 48 h of ingesting the pathogen (Olsen et al., 2000;
Switaj et al., 2015). While most people can recover without treatment, others especially people
with a compromised immune system may require treatment (Brown et al., 2017). Salmonella
enterica can be transmitted through various routes including food and water (CDC, 2013).
Contaminated poultry meat is identified as one of the sources of transmitting Salmonella,
because the pathogen is a commensal bacterium harbored in the gastrointestinal tract of live
poultry (McKee, 2012; Barua et al., 2014). Consequently, different Salmonella control
interventions are implemented during the processing of poultry meat to reduce contamination
(USDA, 2016). While there have been reports of a significant reduction of Salmonella in poultry
meat using different antimicrobial processing aids, there are still reports of foodborne outbreaks
and recalls of food products due to Salmonella (Smith et al., 2015; Zhang et al., 2019; CDC,
2019a). This indicates that Salmonella may have developed a defense mechanism against
antimicrobial treatments.

169

Currently, identifying the right antibiotic treatment for Salmonella infection is
challenging due to the increased incidence of resistance to multiple antibiotics in different
Salmonella strains including those recovered from salmonellosis patients and animal sources
(CDC, 2019b). According to the Centers for Disease Control and Prevention (CDC), over
200,000 infections and 70 deaths are estimated to occur annually due to drug-resistant
nontyphoidal Salmonella (CDC, 2019b). The National Antimicrobial Resistance Monitoring
System (NARMS) also reported that 20% of Salmonella isolates from human sources exhibited
resistance to antibiotics (Thomas et al., 2017). The most common multidrug resistance pattern
found in Salmonella isolates from human sources is resistance to ampicillin, chloramphenicol,
streptomycin, sulfonamides, and tetracycline (ACSSuT; CDC, 2015). In addition, the CDC has
reported the emergence of resistant Salmonella strains in the food chain, especially in poultry
meat (CDC, 2019b).
There have been reports of Salmonella prevalence in retail poultry meat and persistence
in poultry processing environments (Lestari et al., 2009; Mezal et al., 2014; Obe et al., 2019).
These persistent strains have also been reported to show different phenotypic characteristics that
suggest their potential mode of persistence (Obe et al., 2020). These phenotypic characteristics
include the ability to produce biofilms on a plastic surface and tolerance to sanitizers used for the
cleaning and sanitization of processing equipment and the environment. Other authors have
reported acidic and heat tolerance in Salmonella isolates from food sources (Berk et al., 2005;
Shachar and Yaron, 2006; Xia et al., 2009). These studies show that Salmonella encounter
different environmental changes during food processing that could result in acquired tolerance to
environmental stressors upon further exposure. Acquired tolerance to food processing
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antimicrobials have been linked to cross-protection to antibiotics in different Salmonella strains
(Kampf, 2018).
Whole genome sequencing (WGS) is a foodborne surveillance tool used by food
regulators and public health agencies in the United States to detect, investigate, and control
bacterial pathogens in foodborne outbreaks (Brown et al., 2019). The use of WGS in foodborne
outbreaks has increased the accuracy of foodborne surveillance, which allows the agencies to
make prompt decisions and respond to foodborne infections in a timely and effective manner
(Brown et al., 2019). WGS has been used by the CDC to detect the Salmonella strain involved in
an outbreak and determine the antibiotic resistance characteristic of the pathogen, which could
help in determining antibiotic treatment for the infected patients (CDC, 2019a). WGS could help
to improve food safety in the food industry through monitoring the production and processing
environment to determine potential sites for bacterial contamination (Rantsiou et al., 2018). The
use of WGS could also help understand the persistence of pathogens in food processing facilities,
predict phenotypic characteristics, and the virulence of such pathogens. WGS has predicted
antimicrobial resistance in different Salmonella strains (McDermott et al., 2016; Thomas et al.,
2017). The information obtained from WGS could help the food industry choose the best
intervention for optimum reduction of Salmonella contamination in different food products.
Therefore, the objective of this study was to 1). use whole genome sequencing to characterize
Salmonella isolates from the processing environment based on antimicrobial resistance and
virulence factors and 2). predict phenotypic characteristics in the persistent Salmonella strains.
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Materials and Methods
Bacterial isolates
Media was purchased from Fisher Scientific, Hampton NH, USA unless otherwise
specified. Three Salmonella enterica isolates (MS-108, MS-114, MS-122) that were recovered
from different equipment surfaces of different poultry processing plants were selected for WGS
analysis. The isolates were stored in tryptic soy broth (TSB, BD211825) containing 20%
glycerol (G33500) at - 80°C. The frozen cultures were streaked on tryptic soy agar plate (TSA,
BD236950) and incubated at 37°C for 24 h to obtain bacterial colonies. A single bacterial colony
from the TSA plate was then inoculated into TSB and cultured at 37°C for 24 h.
Genomic DNA extraction
Genomic DNA was extracted from each isolate cultured in TSB at 37 °C using the
GeneJET Genomic DNA Purification Kit (K0721, Thermo Fisher Scientific, Waltham, MA)
following the manufacturer’s instructions. The purity (A260/A280 ratio and A260/A230 ratio) of
the extracted DNA was measured using 1.5 µl of the sample on a NanoDrop™ One
spectrophotometer (Thermo Scientific, Germany). The quality and RNA contamination were
analyzed by agarose gel electrophoresis using a 0.7% agarose gel (A201100, GoldBio, St. Louis,
MO). The DNA concentration was quantified using a Qubit® (Thermo Fisher Scientific,
Waltham, MA) fluorometer through a double-stranded DNA (dsDNA) high-sensitivity (HS)
assay kit (Thermo Fisher Scientific, Waltham, MA), and 5 µg of DNA was used for sequencing.
Genomic sequencing and library preparation
Whole genome sequencing (WGS) was performed using Illumina and Nanopore
sequencing. For Illumina, library preparation and sequencing were performed by a company that
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was subcontracted by the Institute for Genomics, Biocomputing & Biotechnology (IGBB) at
Mississippi State University. The library was prepared using a PCR free DNA-seq library kit.
The sequencing was performed using PE 150 on a Illumina Hiseq xTen platform (Illumina Inc.,
San Diego, CA). The long reads were generated with GridION sequencing (Nanopore, Oxford,
UK) by IGBB at Mississippi State University. The sequencing libraries were prepared using 1D
genomic DNA by ligation kit (SQK-LSK109) with native barcoding genomic DNA in a R9.4.1
flow cell, according to the manufacturer’s instructions, for 48 h.
Genome analysis
Canu v1.9 was used to assemble the Nanopore sequences into contigs, while Circlator
v1.5.5 linearized the assembled contigs and moved the start of the contig upstream of a dnaA
gene when present or upstream of a gene closest to the middle of the contig. The Illumina data
was mapped to the assembled contigs using bwa v0.7.17-r1188. Pilon v1.23 used the mappings
to correct any mistakes caused by Nanopore sequencing errors. The Nanopore sequences were
mapped to the corrected contigs using minimap2 v2.17-r941 and the Illumina reads were
remapped using bwa. The coverage was calculated within a 1kb sliding window along with
coverage across the entire contig using bedtools v2.28.0. Contigs with an average base coverage
from the Illumina data less than the average base coverage across the entire genome were
discarded. The best hit from a BLAST v2.9.0 search against the NCBI (National Center for
Biotechnology Information) nucleotide collection database was used to predict the most likely
source of the contig. Prokka v1.13 predicted genes on the remaining contigs. Annotations
without an initial start or terminal stop codon, or with an in-frame stop codon were removed
from further analysis. ResFinder v3.2 and CARD v3.0.7 databases were used with BLAST to
annotate antimicrobial resistance in the predicted genes. Any predicted gene with 95% identity
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and 50% coverage of a database sequence were assigned the corresponding antimicrobial
resistance. Virulence genes were similarly annotated using the Salmonella sequences from the
Virulence Factor Database. Any predicted gene with 90% identity and 50% coverage of a
database sequence were assigned the corresponding virulence information. InterProScan v5.4077.0 with Panther database v14.1 was used to functionally annotate the filtered genes. The R
package circulize v0.4.9 was used to visualize the assembled Salmonella enterica genomes.
Results
The summary from the genome of the three Salmonella enterica isolates that were
acquired from the poultry processing environment with the closest serovars and strains in the
NCBI database are presented in Tables 5.1 and 5.2. The complete genome of S. enterica MS108 was comprised of 4,712,291bp (Figure 5.1). The complete genome of S. enterica MS-114
(Figure 5.2) was comprised of 4,902,365bp including a single contig chromosome (4,825,939bp)
and two circular plasmids (single contig per plasmid, Figures 5.3 and 5.4), pSE-MS-114-1
(72,931bp) and pSE-MS-114-2 (3,495bp). The complete genome of S. enterica MS-122 (Figure
5.5) was comprised of 4,719,112bp. The data from the whole genome sequencing predicted the
presence of genes conferring resistance to several antibiotic drug classes and virulence factors
responsible for adhesion, attachment, invasion, and survival within the host.
Antimicrobial resistance genes
A total of 17 resistance genes were predicted. These genes (Table 5.3) confer resistance
to different antibiotic drug classes (Table 5.4) including phenicols, monobactams,
aminoglycosides, peptides, nitroimidazole, glycylcyclines, cephamycin, macrolides,
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fluoroquinolones, carbapenems, penems, penams, tetracyclines, triclosan, aminocoumarin, and
rifamycin.
Virulence factors
The predicted virulence factors (VF) identified in the strains are listed in Table 5.5. S.
enterica MS-108 had a total of 90 virulence factors, which was the highest number of VF
identified; it was followed by S. enterica MS-114 which had 86 VF and then by S. enterica MS122 which had 82 VF. These virulence genes are responsible for adherence, attachment,
invasion, survival, and persistence within the host.
Biofilm related virulence genes
There were three different biofilm-related virulence factors identified in all the strains
(Table 5.5). Nine Type 1 fimbriae biofilm-related virulence genes including fimA, fimL, fimC,
fimD, fimH, fimF, fimZ, fimY, and fimW were identified in all the strains followed by six thin
aggregate fimbriae or curli fimbriae, which are csgB, csgA, csgC, csgE, csgF, and csgG. The
presence of long polar fimbriae biofilm-related genes varied amongst the strains. S. enterica MS108 had 5 lpf genes (lpfE, lpfD, lpfC, lpfB, and lpfA), S. enterica MS- 114 had 4 of the 5 lpf
genes excluding lpfD, and none of these genes were identified in S. enterica MS-122.
Survival and stress related virulence genes
The two-component system required for intracellular survival (MgtBC and PhoPQ) were
identified in all three S. enterica strains (Table 5.5). For the stress-related VF, while only S.
enterica MS-108 had the SodCl stress protein, all the strains had acid tolerance response
regulatory genes (rpoS and fur; Table 5.5).
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Type Ⅲ secretion system and colonization virulence genes
There were sixty-one type Ⅲ secretion system virulence genes identified in the three S.
enterica strains (Table 5). Thirty-three of these genes were encoded on the Salmonella
pathogenicity island 1 (SPI-1) while the remaining twenty-eight genes were encoded on the SPI2. The avrA and ssaM virulence genes were not identified in S. enterica MS-122 and MS-114,
respectively, and only S. enterica MS-108 had the sspH2 virulence gene (Table 5.5). In addition,
two intestinal colonization genes (misL and sinH) were identified in all three strains.
Discussion
Genome sequencing of pathogenic microorganisms has become a very popular diagnostic
tool due to its effectiveness in detecting and analyzing outbreaks of foodborne illness
(Jagadeesan et al., 2019). Although this tool has been primarily used for foodborne surveillance
to identify the source of an outbreak, the food industry is increasingly becoming aware of its
benefits to promote food safety. The advantages of WGS for the food industry is not limited to
improving public health, but includes other benefits like identifying the source of microbial or
spoilage contamination, differentiation between persistent and newly introduced
microorganisms, and predicting the virulence and resistance mechanism of foodborne pathogens
(Allard et al., 2012; Hoffman et al., 2014; Jagadeesan et al., 2019).
In this study, WGS was used to examine the antimicrobial resistance and virulence of
Salmonella enterica stains from the food processing environment. Antimicrobial resistance genes
were identified in all the strains and many of the genes confer resistance to more than one
antibiotic drug class. The predicted mechanism of resistance for these genes in the NCBI
database is through efflux pumps. For instance, the golS gene activated by golD is a promoter for
the multidrug efflux pump and promotes the expression of another efflux pump – MdsABC
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(Pontel et al., 2007). The mdsABC complex comprised of mdsA, mdsB, and mdsC is a known
efflux pump that confers resistance to multiple antimicrobials and toxins, as well as virulence
and pathogenicity in Salmonella (Pontel, et al., 2007). The sdiA gene is only a positive regulator
for the multidrug resistance pump AcrAB when located on a plasmid but not on the chromosome
(Rahmati et al., 2002). We can infer that the sdiA gene was carried on the chromosome because
the acrA or acrB genes were not identified in the genome of the strains tested. Similar to this
study, others have identified marA (multiple antibiotic resistance locus) in Salmonella and E. coli
(Alekshun and Levy, 1997; Randall and Woodward, 2002). All the genes mentioned above
including others like baeR, cpxA, and CRP function either as a regulator, a promoter, or an
activator of efflux pump genes and are part of the resistance-nodulation-cell division (RND)
efflux pump family (Nagakubo et al., 2002; Nishino et al., 2008; Srinivasan et al., 2012). The
other genes identified in the strains are part of the ATP-binding cassette (ABC – msbA) and
major facilitator superfamily (MFS – kpnH) efflux pump family known to transport lipid A, a
major component of the bacterial outer membrane and several antibiotics out of the cell,
respectively (Srinivasan et al., 2012; Singh et al., 2016). Antibiotic resistance genes were also
identified, these genes confer resistance to aminoglycosides, specifically amikacin or tobramycin
(AAC (6’)) and quinolones (gyrA and parE). While the information from the genome sequencing
correlates with the phenotypic antibiotic resistance previously observed, it is important to note
that the strains tested showed no phenotypic resistance to some antibiotics including
ciprofloxacin, chloramphenicol, and azithromycin (a macrolide antibiotic), even though
resistance genes for these antibiotics were identified. Therefore, we can infer that the absence of
phenotypic resistance to these genes means they were not being expressed, and a future
expression might be a possibility.
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The genomes tested in this study had a total of ninety virulence genes using the BLAST
search against a local copy in the Virulence Factor Database. The identified virulence factors can
be grouped into seven categories based on their function, which are fimbrial adherence and
attachment, magnesium uptake, stress protein, two-component regulatory systems, ferric uptake
regulator, secretion system, and non-fimbrial adherence. The fimbrial adherence and attachment
related virulence factor detected in the strains comprised of the fim, csg, and lpf gene cluster. The
fim genes codes for Type Ⅰ fimbriae in Salmonella and E. coli (Zeiner et al., 2012; Poole et al.,
2017). The fim gene cluster is comprised of fimAICDHF operon, which are fimbrial proteins
responsible for the biosynthesis of Type Ⅰ pili and facilitates the adhesion of Salmonella to the
host cell (Guo et al., 2009). The remaining fim genes (fimW, fimY, and fimZ) are regulatory genes
responsible for adhesion to mammalian cells (Zeiner et al., 2012; Thomas et al., 2017). The csg
gene cluster, that is highly conserved in Salmonella and E. coli, has two operons: csgBAC and
csgDEFG (Thomas et al., 2017). These genes encode for curli fimbriae, otherwise called thin
aggregate fimbriae (Römling et al., 1998). CsgB and CsgA are the minor subunit curlin and
major subunit of the curli pili, respectively while CsgC regulate the formation of CsgA amyloid
(Barnhart and Chapman, 2006). CsgEFG is responsible for curli transport assembly, and
secretion (Barnhart and Chapman, 2006). The function of the csg genes also include surface
adhesion, cell aggregation, biofilm formation, and host cell adhesion and invasion, thus
contributing to the persistence of Salmonella in the processing environment and pathogenicity in
the infected host (Barnhart and Chapman, 2006). Similar to the fim and csg gene cluster, the lpf
(long polar fimbriae) gene cluster lpfABCDE that was observed in only two of the strains tested
(MS-108 and MS-114) has been identified to mediate attachment of Salmonella to Peyer’s
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patches of the small intestine, ensuring its pathogenicity in the host and biofilm formation on
surfaces (Bäumler et al., 1996; Torres et al., 2002; Ledeboer et al., 2006).
The two-component regulatory system identified (PhoPQ) are activated by the levels of
magnesium and calcium and it controls the expression of several genes including the mgtC
(magnesium transporter) that is essential for intestinal survival and virulence of Salmonella (Tao,
1995; Lee et al., 2014). Another regulatory gene found in the strains was fur (ferric iron
regulator). This gene is known to repress the expression of iron-regulated genes and is required
for acid-induced activation of the acidic tolerance response (atr) genes (Troxell and Hassan,
2013). Similarly, the stress protein RpoS (RNA polymerase, sigma S) gene that encodes sigma
factor is necessary for acid tolerance response and acid survival both during the log and
stationary growth phase of Salmonella (Lee et al., 1995). This means the presence of these genes
in the strains could lead to the activation of atr genes under acidic stress allowing survival when
the pathogen experiences low pH. The other stress protein found (only in MS-108) was SodCl,
which contributes to the survival of Salmonella during the systemic phase of infection (Tidhar et
al., 2015).
The most abundant genes in the three S. enterica strains were the type Ⅲ secretion
system genes encoded by the Salmonella pathogenicity island-1 (SPI-1) and -2 (SPI-2). The SPI1 genes are comprised of a regulator (hilACD) and operons that include inv/spa, prg/org, and
sip/sop. The genes deliver effector proteins through the plasma membrane of the host cell and
rearrange the actin cytoskeleton, leading to membrane ruffling during invasion by Salmonella
(Lostroh and Lee, 2001). The SPI-2 has the ssa and sse gene cluster, which are involved in the
delivery of effector proteins from Salmonella-containing vacuoles (SCV) into the host cell (Fass
and Groisman, 2010).The abundance of all these virulence genes in the selected isolates indicate
179

the potential of Salmonella strains acquired from the poultry processing environment to cause
infection in humans.
Conclusion
The information obtained from the whole genome sequencing of the selected isolates
presents a better understanding of the mechanism of persistence of Salmonella isolates within the
processing environment, and the ability to cause infection. This information is also beneficial in
predicting phenotypic characteristics in the strains including acid tolerance which could help
with virulence in the host by ensuring survival through the stomach pH.
Table 5.1

Summary of the genome of the three Salmonella enterica isolates from processing
environment.

Label
S. enterica
S. enterica
(chromosome)
pSE-MS-114-1
pSE-MS-114-2
S. enterica

Identity
MS-108
MS-114

Size (bp)
4,712,291
4,825,939

(plasmid)
(plasmid)
MS-122

72,931
3,495
4,719,112

Avg. per-base
Coverage (x)
Illumina
264
281

264

180

Nanopore
374
318

GC content
(%)
52
52

516

43
55
52

Table 5.2

Closest serovar and strains in NCBI for each contig surviving filter.

Label
MS-108
MS-114 (chromosome)
pSE-MS-114-1(plasmid)
pSE-MS-114-2(plasmid)
MS-122

Table 5.3

Serovar
Enteritidis
Kentucky
1,4,[5],12:i:Kentucky
Bergen

Strain
EC20120008
SA20030505
SA20070548
SA20030505
ST350

Antimicrobial resistance genes identified in the strains.

Resistance geneA

Drug classB

msbA
emrB
bacA
aac(6’)-Iy
mdsC

Nitroimidazole
Fluoroquinolone
Peptide
Aminoglycoside
Monobactam; Carbapenem; Cephalosporin; Cephamycin; Penam;
Phenicol; and Penem
mdsB
Monobactam; Carbapenem; Cephalosporin; Cephamycin; Penam;
Phenicol; and Penem
mdsA
Monobactam; Carbapenem; Cephalosporin; Cephamycin; Penam;
Phenicol; and Penem
golS
Monobactam; Carbapenem; Cephalosporin; Cephamycin; Penam;
Phenicol; and Penem
aac(6’)-Iaa
Aminoglycoside
sdiA
Fluoroquinolone; Cephalosporin; Glycylcycline; Penam; Tetracycline;
Rifamycin; Phenicol; Triclosan
marA
Fluoroquinolone; Monobactam; Carbapenem; Cephalosporin;
Glycylcycline; Cephamycin; Penam; Tetracycline; Rifamycin; Phenicol;
Triclosan; Penem
baeR
Aminoglycoside; Aminocoumarin
cpxA
Aminoglycoside; Aminocoumarin
CRP
Macrolide; Fluoroquinolone; Penam
kpnH
Macrolide; Fluoroquinolone; Aminoglycoside; Carbapenem;
Cephalosporin; Penam; Peptide; Penem
gyrA
Fluoroquinolone
parE
Fluoroquinolone
A
Resistance gene predicted to be present in the strains. B Each predicted gene was responsible
for resistance to one or more antibiotic drug class.
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Table 5.4

Number of predicted resistance genes for each antibiotic drug class for each
Salmonella strain.

Antibiotic drug class
Phenicols
Monobactams
Cephalosporins
Aminoglycosides
Peptides
Nitroimidazole
Glycylcyclines
Cephamycin
Macrolides
Fluoroquinolones
Carbapenem
Penems
Triclosan
Tetracyclines
Aminocoumarin
Penams
Rifamycin

MS-108
6
5
7
5
2
1
2
5
2
7
6
6
2
2
2
8
2
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MS-114
7
6
8
5
2
1
2
6
2
7
7
7
2
2
2
9
2

MS-122
6
5
7
5
2
1
2
5
2
7
6
6
2
2
2
8
2

Table 5.5

Virulence factors identified in the strains

GeneA
StrainB
Virulence nameC
FunctionD
fimA
MS-108; MS-114; MS-122
Type 1 fimbriae
Adhesion
fimI
MS-108; MS-114; MS-122
Type 1 fimbriae
Adhesion
fimC
MS-108; MS-114; MS-122
Type 1 fimbriae
Adhesion
fimD
MS-108; MS-114; MS-122
Type 1 fimbriae
Adhesion
fimH
MS-108; MS-114; MS-122
Type 1 fimbriae
Adhesion
fimF
MS-108; MS-114; MS-122
Type 1 fimbriae
Adhesion
fimZ
MS-108; MS-114; MS-122
Type 1 fimbriae
Adhesion
fimY
MS-108; MS-114; MS-122
Type 1 fimbriae
Adhesion
fimW
MS-108; MS-114; MS-122
Type 1 fimbriae
Adhesion
csgB
MS-108; MS-114; MS-122
Thin aggregative fimbriae (curli)
Attachment
csgA
MS-108; MS-114; MS-122
Thin aggregative fimbriae (curli)
Attachment
csgC
MS-108; MS-114; MS-122
Thin aggregative fimbriae (curli)
Attachment
csgE
MS-108; MS-114; MS-122
Thin aggregative fimbriae (curli)
Attachment
csgF
MS-108; MS-114; MS-122
Thin aggregative fimbriae (curli)
Attachment
csgG
MS-108; MS-114; MS-122
Thin aggregative fimbriae (curli)
Attachment
lpfE
MS-108; MS-114
Long polar fimbriae
Attachment
lpfD
MS-108
Long polar fimbriae
Attachment
lpfC
MS-108; MS-114
Long polar fimbriae
Attachment
lpfB
MS-108; MS-114
Long polar fimbriae
Attachment
lpfA
MS-108; MS-114
Long polar fimbriae
Attachment
mgtB
MS-108; MS-114; MS-122
MgtBC
Magnesium uptake
mgtC
MS-108; MS-114; MS-122
MgtBC
Magnesium uptake
sodCl
MS-108
SodCl
Survival – Stress protein
phoQ
MS-108; MS-114; MS-122
PhoPQ
Regulation – Two component system
A
Virulence gene identified in each strain B Salmonella strains selected for WGS C Name of the virulence factor identified.
D
Function of the virulence factor from NCBI database. Bold face gene indicate the gene was identified in only one or two strain(s).

183

Table 5.5 (continued)
GeneA
StrainB
Virulence nameC
FunctionD
phoP
MS-108; MS-114; MS-122
PhoPQ
Regulation – Two component system
rpoS
MS-108; MS-114; MS-122
RpoS
Regulation – Sigma factor
fur
MS-108; MS-114; MS-122
Ferric uptake regulator
Regulation
sopA
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
sopB/sigD
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
sopD
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
slrP
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
avrA
MS-108; MS-114
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
sprB
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
hilC
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
orgB
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
prgK
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
prgJ
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
prgI
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
hilD
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
hilA
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
iagB
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
iacP
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
sipA/sspA
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
sipD
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
sipC/sspC
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
sipB/sspB
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
sicA
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
spaS
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
spaR
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
spaQ
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
spaP
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
spaO
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
A
B
C
Virulence gene identified in each strain Salmonella strains selected for WGS Name of the virulence factor identified.
D
Function of the virulence factor from NCBI database. Bold face gene indicate the gene was identified in only one or two strain(s).
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Table 5.5 (continued)
GeneA

StrainB

Virulence nameC

FunctionD

invJ
invL
invC
invB

MS-108; MS-114; MS-122
MS-108; MS-114; MS-122
MS-108; MS-114; MS-122
MS-108; MS-114; MS-122

Type Ⅲ secretion system (SPI-1)
Type Ⅲ secretion system (SPI-1)
Type Ⅲ secretion system (SPI-1)
Type Ⅲ secretion system (SPI-1)

Delivers effector proteins; invasion
Delivers effector proteins; invasion
Delivers effector proteins; invasion
Delivers effector proteins; invasion

invE
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
invG
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
invF
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
invH
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-1)
Delivers effector proteins; invasion
sspH2
MS-108
Type Ⅲ secretion system (SPI-2)
Secrets effector proteins; invasion
sifA
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-2)
Secrets effector proteins; invasion
spiC/ssaB
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-2)
Secrets effector proteins; invasion
ssaC
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-2)
Secrets effector proteins; invasion
ssaD
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-2)
Secrets effector proteins; invasion
ssaE
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-2)
Secrets effector proteins; invasion
ssaG
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-2)
Secrets effector proteins; invasion
ssaJ
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-2)
Secrets effector proteins; invasion
ssaK
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-2)
Secrets effector proteins; invasion
ssaL
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-2)
Secrets effector proteins; invasion
ssaM
MS-108; MS-122
Type Ⅲ secretion system (SPI-2)
Secrets effector proteins; invasion
ssaV
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-2)
Secrets effector proteins; invasion
ssaN
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-2)
Secrets effector proteins; invasion
ssaO
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-2)
Secrets effector proteins; invasion
ssaP
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-2)
Secrets effector proteins; invasion
ssaQ
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-2)
Secrets effector proteins; invasion
ssaR
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-2)
Secrets effector proteins; invasion
ssaS
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-2)
Secrets effector proteins; invasion
A
Virulence gene identified in each strain B Salmonella strains selected for WGS C Name of the virulence factor identified.
D
Function of the virulence factor from NCBI database. Bold face gene indicate the gene was identified in only one or two strain(s).
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Table 5.5 (continued)
GeneA

StrainB

Virulence nameC

FunctionD

ssaT
ssaU
sseJ
sseA
sseB
sseC

MS-108; MS-114; MS-122
MS-108; MS-114; MS-122
MS-108; MS-114; MS-122
MS-108; MS-114; MS-122
MS-108; MS-114; MS-122
MS-108; MS-114; MS-122

Type Ⅲ secretion system (SPI-2)
Type Ⅲ secretion system (SPI-2)
Type Ⅲ secretion system (SPI-2)
Type Ⅲ secretion system (SPI-2)
Type Ⅲ secretion system (SPI-2)
Type Ⅲ secretion system (SPI-2)

Secrets effector proteins; invasion
Secrets effector proteins; invasion
Secrets effector proteins; invasion
Secrets effector proteins; invasion
Secrets effector proteins; invasion
Secrets effector proteins; invasion

sseD
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-2)
Secrets effector proteins; invasion
sseE
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-2)
Secrets effector proteins; invasion
sseF
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-2)
Secrets effector proteins; invasion
sseG
MS-108; MS-114; MS-122
Type Ⅲ secretion system (SPI-2)
Secrets effector proteins; invasion
misL
MS-108; MS-114; MS-122
MisL
Intestinal colonization
sinH
MS-108; MS-114; MS-122
SinH
Intestinal colonization and persistence
A
Virulence gene identified in each strain B Salmonella strains selected for WGS C Name of the virulence factor identified
D
Function of the virulence factor from NCBI database. Bold face gene indicate the gene was identified in only one or two strain(s).
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Figure 5.1

The genome of Salmonella enterica MS-108.

The size of Salmonella enterica MS-108 was 4,712,291bp, and the most similar genome to this strain in the NCBI database was
Salmonella enterica serovar Enteritidis.
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Figure 5.2

The genome of Salmonella enterica MS-114.

The size of the chromosome of Salmonella enterica MS-114 was 4,825,939bp, and the most similar genome to this strain in the NCBI
database was Salmonella enterica serovar Kentucky.
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Figure 5.3

The plasmid (pSE-MS-114-1) carried by Salmonella enterica MS-114.

The size of the plasmid was 72,931bp, and the most similar genome carrying this plasmid in the NCBI database was Salmonella
enterica serovar 1,4,[5],12:i.
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Figure 5.4

The plasmid (pSE-MS-114-2) carried by Salmonella enterica MS-114.

The size of the plasmid was 3,495bp, and the most similar genome carrying this plasmid in the NCBI database was Salmonella
enterica serovar Kentucky.
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Figure 5.5

The genome of Salmonella enterica MS-122.

The size of the genome was 4,719,112bp, and the most similar genome in the NCBI database was Salmonella enterica serovar Bergen.
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CHAPTER VI
SUMMARY
This results from this research indicates the potential mode through which Salmonella
may be persisting in the poultry processing environment. The continuous exposure of pathogens
to antimicrobial concentrations insufficient for inhibition could result in the acquisition of
tolerance to higher concentrations of the antimicrobial. This could also cause the pathogen to
tolerate other antimicrobial agents making inactivation more challenging. Similarly, biofilm
formation by bacterial pathogens helps bacteria by building a defense system against
antimicrobial application, especially during the cleaning and sanitization procedures. Possibly,
antimicrobial application in the processing environment may be effective against unattached
bacterium allowing the attached bacterium to persist and cross-contaminate poultry meat.
The mode of persistence identified in this research could offer protection to bacteria
leading to resistance to different classes of antibiotics. Also, the presence of a mobile genetic
element like plasmids carried by some isolates in this research could allow for transfer of
resistance genes amongst bacterial strains. Moreover, these plasmids could carry genes
responsible for adhesion and attachment; resistance to sanitizers and antibiotics making a
persistent strain with a plasmid more virulent and difficult to kill.
This research highlights the need for further studies to identify better antimicrobial
intervention for biofilm-producing persistent Salmonella strains. The use of whole-genome
sequencing in food processing is a promising future direction through which sites within the
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processing environment where pathogens are persisting could be identified. Furthermore, wholegenome sequencing of persistent strains could help predict phenotypic traits in these strains
allowing researchers to develop the best antimicrobial intervention to control Salmonella in the
food processing environment and improve food safety.

198

